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Symbol                                    Description 
𝐴     Area [m2] 
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𝑦     Flooding ratio 
𝛼     Constant alpha [-] 
𝜌     Density [Kg/m3] 
𝜎     Ratio of upstream and downstream area [-] 
𝜓     Liquid entrainment factor [-] 
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Previous studies have shown potential for a Liquid Flooded Ericsson power 
cycle as a high efficiency and low cost alternative for concentrating solar power 
plants, but more research is needed to obtain high efficiency components 
necessary for achieving high cycle efficiencies. This study investigated a 
prototype scroll expander designed for liquid flooding and high temperature 
working conditions.  
Experimentation was carried out on the prototype expander using Nitrogen 
and Duratherm LT (flooding liquid) as the working fluids. Analysis of the test 
results showed poor performance over the tested working conditions. From 
irreversibility analysis conducted to identify different losses in the expander, it 
was found that the pressure drop, heat transfer and frictional losses were the 
major contributors to the poor performance, followed by leakage and 
over/under expansion losses. Certain geometrical features in the expander’s 
scroll profile such as the extra scroll provided at the suction for delayed porting 
might have contributed to the losses.  However, a detailed analysis using 




In addition to the expander analysis, thermodynamic modelling of the 
Liquid Flooded Ericsson power cycle integrated with expander and compressor 
models was conducted. Optimum cycle working conditions were determined 
through a parametric study of different input variables. Cycle model simulation 
results showed poor performance due to the poor expander efficiency. A 
parametric study of the semi-empirical expander model input parameters was 
also carried out to analyze and determine the values of the constant input 
parameters for which internal losses are low and thus the component isentropic 
efficiencies are higher. Cycle performance was again evaluated using modified 
component model parameters, which showed considerable improvement in the 
cycle performance.  
The work done in this study provides a better understanding of flooded 
expansion at higher temperatures and allows a more realistic performance 
evaluation of LFEC. The Liquid Flooded Ericsson power cycle holds good 
potential as a cost effective alternative for concentrating solar power plants, 
but continued effort is required in the direction of developing high efficiency 
rotating components through testing and design improvements.  
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According to the U.S. Energy Information Administration, 21.8% of the net 
electricity generated throughout the world in 2012, came from renewable 
energy sources (including hydroelectric power) and the total share of solar 
energy was 0.45%. In the same year in the United States, 0.22% of the net 
electricity generated came from solar energy sources.  
 
Figure 1-1: World electricity generation by fuel type for the year 2012. 
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The International Energy Agency’s 2014 world energy outlook report predicts 
that electricity demand is going to increase by 80% over the period of 2012 – 
2040. With ever declining fossil fuel reserves and growing concern over climate 
change, use of even the fossil fuels like coal with abundant resources and 
steady supply will be constrained due to the measures to control pollution and 
CO2 emissions.  
Although fossil fuels will continue to dominate as the resources for electricity 
generation in the near term, their share in generation is likely to decline. By 
looking at the present electricity generation numbers and future predictions, it 
is clear that the development of renewable energy sources is crucial to help 
meet the future demand in a sustainable manner. 
While it may require policy and infrastructure changes to switch dependence 
to renewable energy sources, the focus needs to be on improving energy 
conversion efficiency and improve cost effectiveness in comparison to 
conventional energy sources.  
1.2 Motivation 
 
Motivation for this work came from the U.S. Department of Energy’s SunShot 
Initiative. To make solar energy economical and cost competitive with the 
conventional energy, DOE launched the SunShot Initiative in 2011. This 
initiative hopes to reduce the total installed cost of solar energy systems to 
$0.06 per kilowatt-hour by 2020 through support for research and 
3 
 
development in multiple areas of solar energy technology, one of which is 
concentrating solar power (CSP) technologies.  
Systems based on concentrating solar power technologies uses arrays of 
mirrors to collect sunlight or solar thermal energy over a large area and then 
focuses that energy onto a smaller area thereby generating very high 
temperatures. That generated heat is then transferred to the working fluid of 
a heat engine, which in turn generates power by rotating a generator 
connected to it. The thermal energy from sunlight can also be stored, that can 
be used later during the day or night time to produce power. Four main types 
of concentrating solar power systems are: 
Parabolic Trough – This system uses curved mirrors to focus sun light onto the 
receiver that runs along the length of the mirror and through which flows a 
heat transfer fluid that absorbs the heat. This heat is then transferred to the 
working fluid of the heat engine. Temperatures around 400 °C can be reached 
with this system. 
 
Figure 1-2: Parabolic trough concentrating solar power plant (U.S. D.O.L.). 
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Compact Linear Fresnel Reflector – This system also uses the principle of 
Parabolic Trough systems, but instead of using costly curved mirrors, this 
system uses flat mirrors in long parallel rows that are arranged at an angle to 
form a curve that collects and focuses sunlight onto the receiver tube. 
 
Figure 1-3: Compact linear Fresnel reflector concentrating solar power plant 
(U.S. D.O.L.). 
 
Dish-Engine – This system uses mirrored dishes having small and cheap 
mirrors arranged in dish shape. The dish-shaped mirrored surface collects and 
focuses the sunlight onto a thermal receiver, which absorbs and collects the 
heat and then transfers it to the heat engine. The most common type of heat 
engine used in these systems is the Stirling engine. The mechanical power 




Figure 1-4: Dish-Engine concentrating solar power plant (U.S. D.O.L.). 
 
Power Tower – This system uses a central receiver system that collects sunlight 
reflected from a number of computer controlled flat mirrors called heliostats. 
These heliostats can rotate on two axes and follow the sun through each day. 
The central receiver on the top of the tower then heats up the heat transfer 
fluid that exchanges heat with the working fluid of the heat engine. In this 
system temperatures around 600 °C can be easily reached. 
 
Figure 1-5: Power tower concentrating solar power plant (U.S. D.O.L.). 
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In all four types of systems the heat collection method and thus the achievable 
maximum temperature is different, but the process of heat transfer to the 
working fluid of the heat engine using some fluid medium  and the process of 
heat conversion to useful work using a heat engine is same.  
At present, most of the concentrating solar power plants operate using a 
Rankine cycle with conversion efficiencies of around 40%. Liquid Flooded 
Ericsson power cycle as proposed by James (2014) has the potential to achieve 
the high efficiencies of utility scale power plants at smaller scale and lower 
costs. 
The Ericsson cycle is a power cycle with two isothermal processes and a 
constant pressure heat regeneration process. The ideal Ericsson cycle with 
reversible components achieves Carnot efficiencies.  
 
Figure 1-6: T-S diagram of Ericsson cycle (DE-FOA-0000595). 
7 
 
The Liquid Flooded Ericsson Cycle tries to practically achieve the isothermal 
compression and expansion processes of the ideal Ericsson cycle by introducing 
large amounts of liquid in the compressor and expansion. Liquid having very 
high specific heat in comparison to the gaseous working fluid, acts as the heat 
sink and source for the gas in compressor and expander, respectively. This 
minimizes the change in temperature of the working fluid, thereby achieving 
close to isothermal expansion and compression.  
Analysis conducted by Hugenroth (2006) on the Ericsson cycle cooler with 
liquid flooding found that the cycle was very sensitive to the adiabatic efficiency 
of the rotating machinery used in the system. Bell et al. (2011) used detailed 
modelling and analysis on scroll machines to show that with proper design and 
optimization it is possible to achieve the required high compressor and 
expander efficiencies with liquid flooding and without causing damage to the 
machine.  
1.3 Objectives and Approach 
 
James (2014) investigated the implementation of liquid flooding in the Ericsson 
Cycle for concentrating solar power applications by carrying out 
thermodynamic modelling of the Liquid Flooded Ericsson Power Cycle system 
and conducting experimentation on a prototype scroll expander for high 
temperature flooded expansion.  
The primary objective of this thesis is to further investigate the prototype scroll 
expander with oil flooding at higher working temperatures to analyze its 
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performance and to better understand the flooded expansion process. An 
additional objective is to analyze the performance of Liquid Flooded Ericsson 
Power Cycle system using models of the expander and compressor derived 
from experimental results.  
To achieve the objectives, the following steps were apply:  
a) Develop a modelling approach for the scroll components. 
b) Experimentally investigate and collect test data for the prototype scroll 
expander. 
c) Validation of the scroll component modeling approach using the 
experimental data. 
d) Develop a thermodynamic model of the Liquid Flooded Ericsson Power 
Cycle that uses the experimentally based component models. 
e) Perform parametric studies to provide more realistic predictions of 











CHAPTER 2. LITERATURE REVIEW 
 
2.1 Ericsson Cycle with Liquid Flooding 
 
The Ericsson cycle as a high efficiency cycle for both power generation and 
refrigeration has been investigated by researchers in recent years. The key to 
achieving high cycle efficiencies is to take the expansion and compression 
processes close to isothermal processes. As the working fluid cools down 
during expansion and heats up during compression, heating and cooling of 
working fluid is required in the expander and compressor, respectively, to keep 
the change in temperature minimum. Different methods have been used in 
order to achieve this goal, for example, using increased surface area in the 
component to exchange heat with the fluid or reheating in expander and 
intercooling in compressor. Introduction of liquid during expansion and 
compression is another method to approach isothermal expansion and 
compression as high specific heat liquid when mixed with the working fluid acts 
as heat source or sink for the working fluid in the expander and compressor. 
Hugenroth (2006) reported on an Ericsson Cycle Cooler system having a scroll 
expander and a scroll compressor as rotating machines. This system 
implemented oil flooding in the compressor and expander to approach 
isothermal processes. Experimental analysis showed poor system efficiencies.  
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The study found that the cycle was very sensitive to the adiabatic efficiencies 
of the rotating machinery used in the system, but proved the ability of scroll 
machines to tolerate oil flooding.  
Lemort (2008) contributed to Ericsson Cycle modeling through development of 
deterministic and semi-empirical models of scroll machines. This study 
analyzed the performance of scroll expanders with liquid flooding in both 
Organic Rankine Cycle power and Ericsson Cycle Cooler systems. By using the 
deterministic expander model, this study performed optimization of the scroll 
expander for liquid flooding. 
Bell (2011) also studied the Ericsson Cycle Cooler system with liquid flooded 
scroll machines. This study developed a deterministic model of the scroll 
compressor and performed optimization for liquid flooding.   
James (2014) reported on the investigation of the Ericsson power cycle for 
application in concentrating solar power with a liquid flooded expander and 
compressor. This study showed the effect of working fluid pairs on the cycle 
performance through thermodynamic modeling and investigated high 
temperature flooded expansion in a scroll expander.  The scroll expander 
performed poorly due to a poor design leading to poor overall predicted system 
performance.    
2.2 High Temperature Flooded Expansion 
 
Previous studies, experimental and theoretical have demonstrated the 
compatibility of scroll and screw machines with liquid flooding.  Studies have 
11 
 
also shown that through optimization of the design and the working fluid pairs, 
required high efficiencies for LFEC are possible in scroll machines. Still 
considerable improvements through modelling and experimentation are 
required. Some of the previous studies on high temperature flooded expansion 
in scroll machines include the following.  
Lemort (2008) investigated expansion with small amounts of oil at high 
temperatures (165 °C) in a scroll expander within an Organic Rankine Cycle 
power system. This study showed that the scroll expander is a good candidate 
for an Organic Rankine Cycle application. The tested prototype showed good 
performance with 68% as maximum isentropic efficiency. 
Georges (2012) also reported on the experimental investigation of liquid 
flooded expansion in an Organic Rankine Cycle system. The working fluid used 
was R134a and maximum temperatures achieved were around 105 °C. 
James (2014) performed experimental investigation of a liquid flooded scroll 
expander at high temperature for Liquid Flooded Ericsson Power Cycle. 
Experimental results showed poor expander efficiencies due to a volume ratio 
mismatch and other high internal losses. The working fluid used was Nitrogen 
with Duratherm LT as the flooding liquid and maximum temperatures achieved 







CHAPTER 3. SCROLL MACHINE MODELING 
 
3.1 Scroll Expander Semi Empirical Model 
 
3.1.1 Description of the Model  
 
Lemort et al. (2008) introduced a semi-empirical model of the scroll expander. 
This model takes eleven parameters as inputs along with the working 
conditions and calculates the mass flow rate, internal work and isentropic 
efficiency of the expander. The semi-empirical model allows quantification of 
different losses that occur during the expansion process inside the scroll 
expander. The schematic in the Figure 3-1 shows the flow of working fluid 
through the expander undergoing different processes. These processes are 
divided into the following steps: 
a) Suction Pressure Drop (su – su1) 
b) Suction Heat Transfer (su1 – su2) 
c) Internal Leakage 
d) Isentropic Expansion (su2 - in) 
e) Constant Volume Expansion (in – ex3) 
f) Mixing of Internal and Leakage Flows (ex3 – ex2) 
g) Exhaust Heat Transfer (ex2 – ex1) 




Figure 3-1: Fluid flow through semi-empirical expander model. 
 
a) Suction Pressure Drop (su – su1): Suction pressure drop calculates the 
pressure drop incurred by the fluid while flowing from suction port to the 
suction chamber. As presented by Bell et al. (2012), it is described as the flow 
of two phase fluid (mixture of working gas & flooding liquid) through a 
converging nozzle and then through an isobaric diffuser. The process is 
modelled as follows.  
First, using the Chisholm (Bell et al., 2008) correlation for compressible flow 
of gas–liquid mixture through an orifice of area 𝐴𝑠𝑢, mass flow rate of the fluid 
is calculated. For flow with liquid entrainment in the gas phase, the mixture’s 
effective specific volume is given by the Equation (3.1), where 𝑥𝑔 is the gas 
mass fraction and 𝐾𝑒 is the effective slip ratio. 
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𝜈𝑒 = [𝑥𝑔𝜈𝑔 + 𝐾𝑒(1 − 𝑥𝑔)𝜈𝑙] [𝑥𝑔 +
1−𝑥𝑔
𝐾𝑒
]        (3.1) 
The effective slip ratio with 𝜓 as the fraction of liquid that travels in the gas 
phase at the gas velocity is given by Equation (3.2). The value of 𝜓 is 
considered to be equal to 0.4 as suggested by Chisholm. 





           (3.2) 
The entrainment slip ratio is calculated from the equation 













)         (3.3) 
Using the above calculated values and a nominal value of the two phase 
discharge coefficient  𝐶𝑑 = 0.77 (obtained by applying the two-phase flow model 
presented by Morris (1991)), mass flow rate for a flow going from a chamber 
at pressure 𝑝ℎ𝑖𝑔ℎ to another at pressure 𝑝𝑙𝑜𝑤 is calculated as shown below. 





2 − 𝜎 𝜈ℎ𝑖𝑔ℎ
2 )           (3.4) 
Then the kinetic energy is recovered in the isobaric diffuser. 
ℎ𝑠𝑢1 = ℎ𝑠𝑢                    (3.5) 
b) Suction Heat Transfer (su1 – su2): Heat transfers from and to the 
working fluid are calculated by assuming a fictitious isothermal envelope 
around it. Fluid contacts the internal side of the envelope and ambient air 
contacts the outer side. At the suction, heat transfer occurs between the 
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envelope and the fluid due to the temperature difference and is calculated by 
assuming flow through a semi-isothermal heat exchanger with the envelope 
temperature as the uniform wall temperature  𝑇𝑤. Using the epsilon NTU 
method and two input parameters namely nominal overall heat transfer 
conductance 𝐴𝑈𝑠𝑢,𝑛  & nominal fluid mass flow rate ṁ𝑛, suction heat transfer is 
calculated as shown by the equations below. 





                                                                           (3.6) 
𝐴𝑈𝑠𝑢 =  𝑁𝑇𝑈𝑠𝑢 ∗  ṁ ∗ 𝐶𝑝,𝑠𝑢                        (3.7) 
𝜀𝑠𝑢 = 1 − exp (−𝑁𝑇𝑈𝑠𝑢)                                                                          (3.8)                                                                                                 
?̇?𝑠𝑢 =  𝜀𝑠𝑢 ∗ ṁ ∗ 𝐶𝑝,𝑠𝑢 ∗ (𝑇𝑠𝑢1 − 𝑇𝑤)                                                              (3.9) 
c) Internal Leakage: There are two different leakage paths in the 
expander: flank and radial leakages. Flank leakage is due to gaps between the 
flanks of the scrolls and radial leakage is due to gaps between the top or 
bottom plate and the scroll.  
To model the internal leakage processes, both leakage paths are combined and 
modelled as isentropic flow through a simple converging nozzle with 𝐴𝑙𝑒𝑎𝑘 as 
the throat area. The leakage area  𝐴𝑙𝑒𝑎𝑘   is an input parameter to the model. 
The flow through the nozzle is restricted by choked flow conditions and the 
critical pressure is calculated from a dimensionless pressure ratio equation by 
assuming ideal gas behavior.  
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                        (3.10) 
The throat pressure is then the maximum of the critical pressure calculated 
and the pressure at the exhaust before the exhaust pressure drop. 
𝑃𝑡ℎ𝑟,𝑙𝑒𝑎𝑘 = 𝑀𝐴𝑋(𝑃𝑡ℎ𝑟,𝑙𝑒𝑎𝑘,𝑐𝑟𝑖𝑡  , 𝑃𝑒𝑥2)                                                           (3.11) 
By using the continuity equation and the conservation of enthalpy between the 
nozzle inlet and the throat, leakage mass flow through the nozzle is evaluated 
from 




2                 (3.12) 
ṁ𝑙𝑒𝑎𝑘 = 𝐴𝑙𝑒𝑎𝑘 ∗
𝐶𝑡ℎ𝑟,𝑙𝑒𝑎𝑘
𝜈𝑡ℎ𝑟,𝑙𝑒𝑎𝑘
                (3.13) 
After evaluating the leakage mass flow rate ṁ𝑙𝑒𝑎𝑘 , the net mass flow rate that 
flows through the expander and expands to produced work is equal to -  
ṁ𝑖𝑛 =  ṁ −  ṁ𝑙𝑒𝑎𝑘                         (3.14) 
Calculation of the internal power is divided into two steps to consider the over 
or under expansion due to the miss-match of the built-in volume ratio and 
imposed pressure ratio. The first step is the isentropic expansion to the 
pressure imposed by the built-in volume ratio of the expander and the second 
step is constant volume expansion to the pressure imposed by the external 
pressure ratio. 
d) Isentropic Expansion (su2 - in): The internal mass flow rate ṁ𝑖𝑛 is 
calculated by using the expander suction volume 𝑉𝑠𝑢,𝑒𝑥𝑝 , rotational speed 𝑁 and 
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fluid specific volume 𝜈𝑠𝑢2 after suction pressure drop and suction heat transfer, 








                  (3.16) 
The internal work output during the isentropic expansion is calculated as 
follows:  




                          (3.18) 
ℎ𝑖𝑛 = 𝑓(𝜈𝑖𝑛, 𝑠𝑖𝑛)                 (3.19) 
𝑤𝑖𝑛,𝑖𝑠𝑒𝑛 = (ℎ𝑠𝑢2 − ℎ𝑖𝑛)                                  (3.20) 
e) Constant Volume Expansion (in – ex3): The internal work output during 
the constant volume expansion is calculated by 
𝑤𝑖𝑛,𝑣 =  𝜈𝑖𝑛 ∗ (𝑃𝑖𝑛 − 𝑃𝑒𝑥3)                (3.21) 
f) Mixing of Internal and Leakage Flows (ex3 – ex2): After undergoing 
expansion, internal mass flow rate mixes adiabatically with the leakage flow 
rate as shown in the equation below.  
ṁ ∗ ℎ𝑒𝑥2 =  ṁ𝑙𝑒𝑎𝑘 ∗ ℎ𝑡ℎ𝑟,𝑙𝑒𝑎𝑘 + ṁ𝑖𝑛 ∗ ℎ𝑒𝑥3              (3.22) 
g) Exhaust Heat Transfer (ex2 – ex1): Similar to the suction process, heat 
transfer occurs at the exhaust between the fictitious envelope and the fluid 
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due to the temperature difference. It is calculated by assuming flow through a 
semi-isothermal heat exchanger with the envelope temperature equal to 
uniform wall temperature  𝑇𝑤. Using the epsilon NTU method and nominal 
overall heat transfer coefficient 𝐴𝑈𝑒𝑥,𝑛 & nominal fluid mass flow rate ṁ𝑛 as 
input parameters, exhaust heat transfer is calculated as shown by the 
equations below. 





                        (3.23) 
𝐴𝑈𝑒𝑥 =  𝑁𝑇𝑈𝑒𝑥 ∗  ṁ ∗ 𝐶𝑝,𝑒𝑥                  (3.24) 
𝜀𝑒𝑥 = 1 − exp (−𝑁𝑇𝑈𝑒𝑥)                (3.25) 
?̇?𝑒𝑥 =  𝜀𝑒𝑥 ∗ ṁ ∗ 𝐶𝑝,𝑒𝑥 ∗ (𝑇𝑒𝑥2 − 𝑇𝑤)               (3.26) 
h) Exhaust Pressure Drop (ex1 – ex) : Similar to the suction pressure drop, 
exhaust pressure drop in the fluid flow through the exhaust chamber to the 
exhaust port is calculated using the Chisholm equation as shown below. 





2 − 𝜎 𝜈ℎ𝑖𝑔ℎ
2 )                 (3.27) 
ℎ𝑒𝑥 = ℎ𝑒𝑥1                  (3.28) 
Total internal power generated by the expander is calculated by adding the 
isentropic and constant volume work output and multiplying by the internal 
mass flow rate. 
?̇?𝑖𝑛 = ?̇?𝑖𝑛 ∗ (𝑤𝑖𝑛,𝑖𝑠𝑒𝑛  + 𝑤𝑖𝑛,𝑣)                (3.29) 
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Friction between the scrolls and losses in the bearings causes mechanical 
losses in the expander. These mechanical losses are calculated using two input 
parameters 𝜏𝑙𝑜𝑠𝑠 &  𝛼. The constant frictional torque parameter 𝜏𝑙𝑜𝑠𝑠  
characterizes the base frictional losses present in the machine and the constant 
of proportionality 𝛼 considers losses that are proportional to the internal power. 
The total mechanical losses are calculated as shown in the equation below. 
?̇?𝑙𝑜𝑠𝑠 = (𝜏𝑙𝑜𝑠𝑠 ∗ 2 ∗ 𝜋 ∗
𝑁
60
) + (𝛼 ∗ ?̇?𝑖𝑛)              (3.30) 
Heat transfer between the fictitious envelope and the ambient is calculated by 
using the overall ambient heat transfer coefficient 𝐴𝑈𝑎𝑚𝑏, which is supplied to 
the model as an input parameter. 
?̇?𝑎𝑚𝑏 = 𝐴𝑈𝑎𝑚𝑏 ∗ (𝑇𝑤 − 𝑇𝑎𝑚𝑏)                (3.31) 
An energy balance over the fictitious isothermal envelope in the expander is 
given by the Equation (3.32). Signs in front of the terms depend on the 
direction of flow of heat. Heat flowing out of the wall is considered negative 
and heat flowing into the wall is considered positive. 
?̇?𝑙𝑜𝑠𝑠 − ?̇?𝑠𝑢 − ?̇?𝑒𝑥 − ?̇?𝑎𝑚𝑏 = 0               (3.32) 
The net expander work output is calculated by subtracting the total mechanical 
losses from the total internal power as shown in the equation below.  
?̇? = ?̇?𝑖𝑛 −  ?̇?𝑙𝑜𝑠𝑠                 (3.33) 
Isentropic efficiency of the expander is evaluated by taking the ratio of actual 
over isentropic work as shown in the equations below.  
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                  (3.35) 
For calculating thermodynamic properties of the mixture, a mass weighting of 
liquid and gas properties at same temperature and pressure is considered. For 
example specific enthalpy of the gas-liquid mixture at temperature T and 
pressure P will be  
ℎ = ?̇?𝑔𝑎𝑠 ∗ (ℎ𝑔𝑎𝑠(𝑇, 𝑃)) + ?̇?𝑙𝑖𝑞 ∗ (ℎ𝑙𝑖𝑞(𝑇, 𝑃))      (3.36) 





          (3.37) 




        (3.38) 
Similarly, specific entropy and specific volume of the mixture can be calculated 












3.1.2 Solution of the Expander Model  
 
The flow chart in Figure 3-2 shows the solution of the expander model along 
with the primary inputs and outputs of the model. Inputs include the working 
conditions such as suction & exhaust pressures, suction temperature, ambient 
temperature, expander rotational speed and flooding ratio.  In addition, eleven 
parameters are necessary for the model that characterize the expander 
performance and that are typically determined through regression to measured 
performance. Primary model outputs are mass flow rate, expander work, 








3.1.3 Validation of the Model  
 
The expander model was validated by using test data collected by Bell et al. 
(2011) from the experimental investigation of a Sanden scroll expander 
integrated with a Liquid Flooded Ericsson Cycle Cooler having Nitrogen as the 
working fluid and Zerol 60 as the flooding oil. 
Parameters through regression to the measurements are shown in the Table 
3-1. The non-linear regression was carried out in MATLAB by using a Genetic 
algorithm to minimize a cost function that included model errors for mass flow 
rate, work and exhaust temperature. 
The three error terms for the mass flow rate, work and temperature are shown 
in the Equations (3.41) to (3.43). 





         (3.41) 





        (3.42) 





       (3.43) 
A total error function was calculated by taking the weighted average of the 
square roots of the sum of all errors for all the data points. 
𝐸𝑟𝑟𝑜𝑟  = (
1
3
∗ √∑ 𝐸𝑟𝑟𝑜𝑟 1) + (
1
3
∗ √∑ 𝐸𝑟𝑟𝑜𝑟 2)  +  ( 
1
3




Table 3-1: Sanden expander model parameters. 
𝐴𝑈𝑠𝑢,𝑛 [W/K] 19.59 
𝐴𝑈𝑒𝑥,𝑛 [W/K] 10.58 
𝐴𝑈𝑎𝑚𝑏 [W/K] 6.59 







  𝜏𝑙𝑜𝑠𝑠 [N-m] 0.86 
  𝑉𝑟,𝑖𝑛𝑡 [-] 1.36 
𝑉𝑠𝑢,𝑒𝑥𝑝 [m
3] 0.0000639 
𝛼 [-] 0.0 
 
Model predictions of the mass flow rate, work and exhaust temperature vs 
measured values are shown the Figures 3-3 to 3-5. While the calculated work 
and exhaust temperature seem to be in good agreement with the measured 
values having maximum errors of 12% and 3K respectively, the maximum 
error for mass flow rate is found to be around 24%. Root mean square (RMS) 
errors (Shcherbakova et al., 2013) for each quantity were calculated using 
Equations (3.45) to (3.47) with 13.34%, 4.48% & 1.3251 [K] errors on mass 
flow rate, work and exhaust temperature, respectively. 
𝑅𝑀𝑆 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑟𝑟𝑜𝑟 1 =  √ ∑
1
𝑛
∗ (100 ∗ (




     (3.45) 
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𝑅𝑀𝑆 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑟𝑟𝑜𝑟 2 =  √ ∑
1
𝑛





    (3.46) 




            (3.47) 
 
  
Figure 3-3: Prediction of Sanden expander mass flow rate (Experimental data 




Figure3-4: Prediction of the Sanden expander work output (Experimental 
data - Bell (2011), Appendix D). 
  
Figure 3-5: Prediction of the Sanden expander exhaust temperature 
(Experimental data - Bell (2011), Appendix D). 
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In order to improve the mass flow rate predictions, a parametric study was 
carried out. As Lemort (2008) mentioned in his study, it has been found that 
the leakage area can vary with pressure ratio and rotational speed. In the 
current study, an effective leakage area was determined by setting the model 
gas mass flow rate equal to the measured gas mass flow rate for each data 
point and then solving for leakage area. Figure 3-6 shows the evolution of the 
effective leakage area with the pressure ratio and the three tested rotational 
speeds. Effective leakage area varied from 0.1*10-4 mm2 to 0.1*10-5 mm2 
while the identified constant area was 0.4*10-5 mm2. More detailed analysis is 




Figure 3-6: Variation of effective leakage area with the expander pressure 
ratio and rotational speed. 
























The following relationship was derived from the identified leakage area 
analysis. 
𝐴𝑙𝑒𝑎𝑘 = 𝑎0 + (𝑎1 ∗ 𝑃𝑟𝑎𝑡𝑖𝑜) + (𝑎2 ∗ 𝑁)               (3.48) 
After considering the above relationship and rerunning the optimization 
routine, new model parameters were identified and are shown in Table 3-2.  
Table 3-2: Sanden expander model parameters with coefficients of the 
equation for the leakage area. 
𝐴𝑈𝑠𝑢,𝑛 [W/K] 22.98 
𝐴𝑈𝑒𝑥,𝑛 [W/K] 0.5 
𝐴𝑈𝑎𝑚𝑏 [W/K] 26.21 





  𝜏𝑙𝑜𝑠𝑠 [N-m] 0.74 
  𝑉𝑟,𝑖𝑛𝑡 [-] 1.34 
𝑉𝑠𝑢,𝑒𝑥𝑝 [m
3] 0.0000622 
𝑎0 [-] 0.000007 
𝑎1 [-] 0.000000174 
𝑎2 [-] -0.00000000175 
 
Model prediction for the mass flow, work and exhaust temperature with varying 
leakage area are shown in the Figures 3-7 to 3-9. Values for mass flow rate, 
work and exhaust temperature have reasonable agreement with the measured 
values with maximum errors of 15%, 10% and 3K, respectively. RMS errors 
calculated are 8.40%, 4.76% & 1.1810 [K] for mass flow rate, work and 




Figure 3-7: Prediction of the Sanden expander mass flow rate (Experimental 
data - Bell (2011), Appendix D). 
  
Figure 3-8:  Prediction of the Sanden expander work (Experimental data - 




Figure 3-9: Prediction of the Sanden expander exhaust temperature 
(Experimental data - Bell (2011), Appendix D). 
 
3.1.4 Sanden Expander Model Parametric Study 
 
The semi empirical expander model was used to analyze the effect of the input 
parameters on the component performance and to determine improvements 
that could lead to the higher efficiencies. Figure 3-10 shows the variation of 
isentropic efficiency of the Sanden expander as a function of different model 
input parameters. Heat transfer parameters had negligible effect on the 
expander efficiency. All other parameters had considerable effects with 
changes in frictional losses and leakage area having the largest effects on the 





Figure 3-10: Variation of expander isentropic efficiency with different model 
parameters. 
 
Table 3-3: Modified Sanden expander model parameters. 
𝐴𝑈𝑠𝑢,𝑛 [W/K] 22.98 
𝐴𝑈𝑒𝑥,𝑛 [W/K] 0.5 
𝐴𝑈𝑎𝑚𝑏 [W/K] 26.21 





  𝜏𝑙𝑜𝑠𝑠 [N-m] 0.01 
  𝑉𝑟,𝑖𝑛𝑡 [-] 1.34 
𝑉𝑠𝑢,𝑒𝑥𝑝 [m
3] 0.0000622 
𝑎0 [-] 0.000006 
𝑎1 [-] 0.000000174 




3.2 Scroll Compressor Semi Empirical Model 
 
3.2.1 Description of the Model  
 
Lemort (2008) introduced the semi-empirical model of the scroll compressor. 
This model is similar to the expander model as it takes eleven parameters 
along with the working conditions as the inputs and calculates the mass flow 
rate, internal work and isentropic efficiency of the compressor.  
The schematic in Figure 3-11 shows the flow of working fluid through the 
compressor undergoing different processes. These processes are divided into 
the following steps: 
 
Figure 3-11: Fluid flow through semi-empirical compressor model. 
 
a) Suction Heat Transfer (su – su1) 
b) Suction Pressure Drop (su1 – su2) 
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c) Leakage Mixing (su2 – su3) 
d) Isentropic Compression (su3 – ex3) 
e) Constant Volume Compression (ex3 – ex2) 
f) Internal Leakage 
g) Exhaust Pressure Drop (ex2 – ex1) 
h) Exhaust Heat Transfer (ex1 – ex) 
These processes are modelled in a similar manner as described in the expander 
model except the direction of leakage flow is different. As the fluid leaks from 
higher pressure to the lower pressure, in the case of compressor (𝑒𝑥2 𝑡𝑜 𝑠𝑢2) 
the direction of leakage is opposite to that of expander (𝑒𝑥2 𝑡𝑜 𝑠𝑢2).  
So in this case the net mass flow rate that flows through the compressor and 
undergoes compression is equal to -  
ṁ𝑖𝑛 =  ṁ +  ṁ𝑙𝑒𝑎𝑘                         (3.49) 
Total work input to the compressor is calculated by adding the isentropic and 
constant volume work input and multiplying by the internal mass flow rate. 
?̇?𝑖𝑛 = ?̇?𝑖𝑛 ∗ (𝑤𝑖𝑛,𝑖𝑠𝑒𝑛  + 𝑤𝑖𝑛,𝑣)                (3.50) 
Total mechanical losses are calculated as shown in the equation below. 
?̇?𝑙𝑜𝑠𝑠 = (𝜏𝑙𝑜𝑠𝑠 ∗ 2 ∗ 𝜋 ∗
𝑁
60
) + (𝛼 ∗ ?̇?𝑖𝑛)              (3.51) 
Heat transfer between the fictitious envelope and the ambient is calculated by 
using the overall ambient heat transfer coefficient 𝐴𝑈𝑎𝑚𝑏, which is supplied to 
the model as an input parameter. 
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?̇?𝑎𝑚𝑏 = 𝐴𝑈𝑎𝑚𝑏 ∗ (𝑇𝑤 − 𝑇𝑎𝑚𝑏)                (3.52) 
An energy balance over the fictitious isothermal envelope is given by the 
equation 
?̇?𝑙𝑜𝑠𝑠 + ?̇?𝑒𝑥 −  𝑄
̇
𝑠𝑢 − ?̇?𝑎𝑚𝑏 = 0               (3.53) 
Net compressor work input is calculated by adding the total mechanical losses 
to the total internal work input as shown in the equation below.  
?̇? = ?̇?𝑖𝑛 +  ?̇?𝑙𝑜𝑠𝑠                 (3.54) 
Isentropic efficiency of the compressor is evaluated by taking the ratio of 
isentropic over actual work as shown in the equations below.  




                  (3.56) 
3.2.2 Solution of the Compressor Model  
 
The flowchart in Figure 3-12 shows compressor model solution along with the 
inputs and outputs of the model. Inputs include the working conditions such 
as suction & exhaust pressures, suction temperature, ambient temperature, 
expander rotational speed and flooding ratio. In addition, eleven parameters 
characterize the compressor performance that are determined through 
regression to measurements. Primary model outputs are mass flow rate, 





Figure 3-12: Compressor model solution flow chart. 
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3.2.3 Validation of the Model  
 
The compressor model was validated by using the test data collected by Bell 
et al. (2011) from the experimental investigation of a Sanden scroll 
compressor integrated within a Liquid Flooded Ericsson Cycle Cooler having 
Nitrogen as the working fluid and Zerol 60 as the flooding oil. Optimum 
parameters identified through regression are shown in the Table 3-4. The 
regression was carried out in MATLAB by using a Genetic algorithm to minimize 
the total error associated with mass flow rate, work and exhaust temperature 
predictions, similar to the method used in the case of expander model. 
  Table 3-4: Sanden compressor model parameters. 
𝐴𝑈𝑠𝑢,𝑛 [W/K] 20.0 
𝐴𝑈𝑒𝑥,𝑛 [W/K] 19.99 
𝐴𝑈𝑎𝑚𝑏 [W/K] 5.0 







  𝑇𝑙𝑜𝑠𝑠 [N-m] 1.36 
  𝑉𝑟,𝑖𝑛𝑡 [-] 1.68 
𝑉𝑠𝑢,𝑐𝑜𝑚𝑝 [m
3] 0.000111 
𝛼 [-] 0.0 
 
Model prediction of mass flow rate, work and exhaust temperature vs 
measured values are shown in Figures 3-13 to 3-15. Values for all three 
prediction variables of mass flow rate, work and exhaust temperature seem to 
be in good agreement with the measured values having maximum errors of 
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7%, 6% and 4K, respectively. RMS errors calculated are 2.75%, 3.85% & 
1.2376 [K] for mass flow rate, work and exhaust temperature, respectively. 
  
Figure 3-13: Prediction of the Sanden compressor mass flow rate 




Figure 3-14: Prediction of the Sanden compressor work input (Experimental 
data - Bell (2011), Appendix D). 
 
Figure 3-15: Prediction of the Sanden compressor exhaust temperature 
(Experimental data - Bell (2011), Appendix D)
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CHAPTER 4. EXPERIMENTAL INVESTIGATION 
 
The objective of this experimental study was to collect detailed experimental 
data to analyze the performance of an Air Squared scroll expander and to 
perform further validation of the semi empirical scroll expander model for 
performance prediction. Expander test results for initial testing carried out by 
James (2014) showed poor performance due to the mismatch of expander built 
in volume ratio and the capacity of the test stand. After correction of the 
volume ratio by the manufacturer, another stage of testing was carried out 
and this chapter provides a detailed description of this work. 
4.1 Description of the Experimental Setup 
 
The test rig employed by James (2014) was used for the experimentation. A 




4.1.1.1 Expander  
 
The expander selected for the experimentation was a prototype scroll expander 
manufactured by the Air Squared Company. The expander was designed to 
















The built-in volume ratio provided by the manufacturer is equal to 2.14488 
𝑐𝑚3 and the suction volume is equal to 9.96577 𝑐𝑚3. 
 
   
Figure 4-2: Air Squared scroll expander. 
 
4.1.1.2 Heat Exchangers  
 
One spiral tube in tube heat exchanger (model - Sentry - DTC-CUA/CUB-6-1-
1) was used as the oil cooler with hot oil in one tube and cooling water in 
another. Two spiral tube in tube heat exchanger in series (model - Sentry - 
DTC-CUB/CUC-8-1-1) were used as the oil heaters with oil in one tube and hot 
process air in another. Finally, two plate heat exchangers in series (model - 
SWEP - B15Hx17/2P-SN-S 2*22U) were used as the oil regenerators to 







An intermeshing gear pump (model - Viking C432) was used for pumping the 
oil. It has a nominal flow rate of 0.5 gallon per minute at 1800 rpm and has a 
temperature limit of around 107 °C. 
4.1.1.4 Electric Motors 
 
Two 0.5 HP electric motors were used to control the rotational speed of the 
expander and the oil pump. Rotational speeds of the motors were precisely 
controlled by using variable frequency drives. A Leeson electric motor (model 
- C42T17NB2A) with a Baldor VFD (model - ID15H201-E) was used for 
expander control and Baldor electric motor (model - RM3010) with an 
Automation Direct VFD (model - GS2-10P2) was used for pump control. 
4.1.1.5 Heaters 
 
Two electric heaters were used to heat the working fluid (gas) and the thermal 
oil (liquid). The working fluid was directly heated using a tube air heater from 
Omega Engineering Inc. (model - AHP-7652). This 700 W heater can reach the 
maximum temperature of 540 °C. Flooding oil was heated indirectly through 
heat exchange from hot air which in turn was heated by a 3 KW HotWatt heater 








A Helical coil separator from Henry Technologies (model - S-5187) was used 
to separate the gas and liquid phases. In series with it, a second separator was 
attached that acted as a trap for the oil mist before exhausting the gas into 
the air. 
4.1.2 Measurement Devices and Data Acquisition 
 
Table 4-1 provides a list of different sensors used in the test stand to evaluate 
the performance of the expander. Two Coriolis-effect mass flow meters were 
used to measure gas and liquid flow rates. One flow meter was used to 
measure the flow of cooling oil into the bearings of the expander. Two pressure 
sensors were used to measure the pressure at the suction and the exhaust of 
the expander. Thermocouples were used at different locations to monitor & 
control the test stand and to collect the temperature data for the performance 
evaluation. T type thermocouples were used everywhere except to measure 
the higher temperatures of the oil heater where J type thermocouples were 
used. A torque sensor was used to measure the torque generated by the 
expander. All the sensors were properly calibrated before the start of testing 
and data collection. For reading and collecting data, an Agilent Technologies 





Table 4-1: List of different sensors used in the test stand (James, 2014). 
Description Sensors Signal Range 
Thermocouples [T] 
Omega Type T 8 Voltage 270 - 400 OC 
Omega Type J 1 Voltage 210 - 1200 OC 
Pressure Transducers [P] 
Setra [Model-206] 2 Voltage 0 – 500 psi 
Mass Flow Meters [ṁ] 
Micro Motion [CMF010] [ṁ𝑔] 1 Current 0 – 0.009 kg/s 
Micro Motion [DS025] [ṁ𝑙] 1 Current 0 – 0.18 kg/s 
Omega [FTB-421] [𝑉𝑜𝑙𝑙] 1 Frequency 0.03 – 0.66 gpm 
Torque Sensor [𝛕] 
Sensor Developments 
[01324-012] 
1 Voltage 12 N-m 
 
Table 4-2: Uncertainties in the sensors used (James, 2014). 
Sensor Uncertainties 
T [°C] P [KPa] ṁ𝑔 [Kg/s] ṁ𝑙 [Kg/s] 𝑉𝑜𝑙𝑙 [gpm] 𝛕 [N-m] 






4.1.3 Test Stand Operation 
 
Proper startup and shutdown procedures were followed to operate the test 
stand with the major steps described in this section.  
1. At first, thermal oil (flooding liquid) level is checked through the sight 
glass fitted to the separator.  If necessary, oil is then charged into the 
system until the appropriate level is reached.  
2. Then the flow of cooling water and the process air is started. The cooling 
water starts flowing through the oil cooling loop and the process air 
through the oil heating loop.  
3. Then the pump motor is started by setting the appropriate rotational 
speed into the pump VFD, after which the oil starts to flow through the 
oil loop. The VFD pump speed can be changed to get to the appropriate 
oil flow rates. 
4. The desired oil temperature is input into the oil heater controller and 
some time is allowed for oil to reach the set temperature.  
5. Then gas flow is initiated through the compressed gas cylinder 
connected to the test stand. The desired gas temperature is input into 
the gas heater controller and some time is allowed for gas to heat up.  
6. As the two fluids reach the set temperatures, the expander suction valve 
is opened and the mixture of gas and liquid is allowed to enter the 
expander. To control the expander speed, the desired speed is entered 
into the expander motor VFD controller. 
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7. After expanding in the expander the mixture passes through the exhaust 
port and enters the separator, where the gas and liquid gets separated.  
8. The hot liquid flows back into the oil loop after going through the 
regenerator and the gas is exhausted into the air.  
Test stand operation is continuously monitored through the user interface in 
LabVIEW and the data is recorded until steady state is reached, after which 
the shutdown process is carried out.  
4.2 Testing and Results 
 
4.2.1 Description of the Tests 
 
The experimental program was designed after experience gained from testing 
done by James (2014) and some shakedown testing after the expander 
modification. Having established an understanding of the test stand 
capabilities, an initial test matrix of 36 state points was designed to test the 
expander. The test matrix is shown in the Table 4-3. Two expander suction 
temperatures were considered: ambient and 150 °C. The expander suction 
pressure was varied between 300 and 500 KPa. Five different pressure ratios 
between 1.5 and 3.5 were selected. The expander rotational speed was varied 
from 600 rpm to 2400 rpm. Finally, flooding ratios of 0 (without liquid), 1, 2 & 
5 were selected to be achieved by the variation of the gas and liquid flow rates. 
















Ratio [-]  
1 Ambient 300 2 1800 0 
2 Ambient 300 2 1800 2 
3 Ambient 300 2 1800 5 
4 Ambient 300 2 2400 0 
5 Ambient 300 2 2400 2 
6 Ambient 300 2 2400 5 
7 Ambient 500 2 1800 0 
8 Ambient 500 2 1800 2 
9 Ambient 500 2 1800 5 
10 Ambient 500 2 2400 0 
11 Ambient 500 2 2400 2 
12 Ambient 500 2 2400 5 
13 150 300 2 1800 0 
14 150 300 2 1800 2 
15 150 300 2 1800 5 
16 150 300 2 2400 0 
17 150 300 2 2400 2 
18 150 300 2 2400 5 
19 150 500 2 1800 2 
20 150 500 2 1800 5 
21 150 500 2 2400 2 
22 150 500 2 2400 5 
23 150 375 3 1800 1 
24 150 375 3 1800 5 
25 150 375 3 2400 1 
26 150 375 3 2400 5 
27 150 500 3 1800 1 
28 150 500 3 1800 5 
29 150 500 3 2400 1 
30 150 500 3 2400 5 
31 150 500 1.5 2400 2 
32 150 500 2.5 2400 2 
33 150 500 3 2400 2 
34 150 500 3.5 2400 2 
35 150 500 2 600 2 
36 150 500 2 1200 2 
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4.2.2 Liquid Properties 
 
Duratherm LT thermal oil was used as the flooding liquid and the equations 
used to calculate its thermal properties are shown below, where T is the 
temperature in Kelvin.  
𝑐 = 3.4014 ∗ 𝑇 + 1094.3    [
𝐽
𝐾𝑔∗𝐾
]          (4.1) 
𝑢 = 1.7007 ∗ 𝑇2 + 1094.3 ∗ 𝑇    [
𝐽
𝐾𝑔
]         (4.2) 
𝑠 = 3.4014 ∗ (𝑇 − 298) + 1094.3 ∗ ln (
𝑇
298
)    [
𝐽
𝐾𝑔∗𝐾
]       (4.3) 
𝜌 =  −0.6793 ∗ 𝑇 + 1012.4     [
𝐾𝑔
𝑚3
]             (4.4) 
𝜇 = 1011 ∗ 𝑇−5.301     [𝑃𝑎 ∗ 𝑠]          (4.5) 
𝑘 = 0.1668 − 0.00009 ∗ 𝑇     [
𝑊
𝑚∗𝑘
]         (4.6) 
4.2.3 Test Results and Error Analysis 
 
The expander work output, isentropic efficiency and volumetric efficiency were 
calculated by using the collected data. Expander work was calculated by using 
the measured expander torque 𝜏 and the expander rotational speed 𝑁 as shown 




           (4.7) 
The isentropic efficiency of the expander was calculated as the ratio of the 
actual over ideal work, where the actual work was the measured work 
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Ẇ𝑚𝑒𝑎𝑠 and the ideal work was the isentropic work Ẇ𝑖𝑠𝑒𝑛. The calculation was 




             (4.8) 
ℎ𝑠𝑢 =  𝑓(𝑇𝑠𝑢, 𝑃𝑠𝑢, 𝑦)                (4.9) 
𝑠𝑠𝑢 =  𝑓(𝑇𝑠𝑢, 𝑃𝑠𝑢, 𝑦)             (4.10) 
𝑠𝑠𝑢 =  𝑠𝑒𝑥          (4.11) 
ℎ𝑒𝑥,𝑖𝑠𝑒𝑛 =  𝑓(𝑠𝑒𝑥, 𝑃𝑒𝑥 , 𝑦)         (4.12) 
ṁ =  ṁ𝑔 + ṁ𝑙               (4.13)                                                                                    




          (4.15) 
The volumetric efficiency of the expander was calculated by taking a ratio of 
the theoretical gas mass flow rate over the measured gas mass flow rate. The 
theoretical mass flow rate was calculated by using the expander gas suction 
volume, rotational speed and density of gas at the suction. Expander gas 
suction volume 𝑉𝑠𝑢,𝑔𝑎𝑠 was calculated by subtracting the volume occupied by 
the liquid from the total expander suction volume as shown in the equations 
below.  













         (4.18) 




                         (4.20) 
Error analysis was carried out to determine how the uncertainties in each of 
the measured variables propagated into the value of the calculated 
quantities. This analysis was done in the Engineering Equation Solver (EES) by 
using the method described in NIST Technical Note 1297 (Taylor B.N. and 
Kuyatt, C.E., Guidelines for Evaluating and Expressing the Uncertainty of NIST 
Measurement Results, National Institute of Standards and Technology 
Technical Note 1297, 1994).   
Uncertainty in the calculated quantity was given by Equation (4.21), where Y 
is the calculated quantity, X is the measured quantity and 𝑈𝑥  is the uncertainty 
in the measured quantity. 






2 )        (4.21) 
After calculating the values and the associated uncertainties of the work and 
efficiencies, plots were prepared to analyze the performance of the expander. 
Test data was filtered and low temperature working conditions for which there 
was no positive expander torque generated were not evaluated. In total, 
expander performance for 31 steady state points was evaluated as shown in 
Figures 4-3 to 4-8.  
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Figures 4-3 and 4-4 show the variation of measured expander work output as 
a function of flooding ratio and pressure ratio, respectively, for different 
expander rotational speeds. Although variation of flooding ratio does not lead 
to a clear trend an increase in work output can be clearly seen with increasing 
pressure ratio.  
Figures 4-5 and 4-6 show variation of expander isentropic efficiency as a 
function of flooding ratio and pressure ratio, respectively, for different 
expander rotational speeds. A slight increase in efficiency can be seen with 
increase in the pressure ratio. Very low isentropic efficiencies in the range of 
0% to 30% were achieved indicating the presence of high internal losses such 
as losses due to friction and over/under expansion. 
Figures 4-7 and 4-8 show variation of expander volumetric efficiency as a 
function flooding ratio and pressure ratio, respectively, for different expander 
rotational speeds. A slight increase in the efficiency is visible with increasing 
flooding ratio since the additional oil might be providing better sealing of the 
leakage gaps. Also the efficiency seems to obtain a maximum value at pressure 
ratio of approximately 2, which is the modified built-in volume ratio of the 
machine. Volumetric efficiencies in the range of 30% - 75% were achieved. 






Figure 4-3: Variation of expander work with flooding ratio. 
 
Figure 4-4: Variation of expander work with pressure ratio. 
 
Figure 4-5: Variation of isentropic efficiency with flooding ratio. 
































































Figure 4-6: Variation of isentropic efficiency with pressure ratio. 
 
Figure 4-7: Variation of volumetric efficiency with flooding ratio. 
 
Figure 4-8: Variation of volumetric efficiency with pressure ratio. 









































































4.3 Scroll Expander Model Validation 
 
The semi empirical expander model was validated using the test data collected 
from the experimental investigation of the Air Squared scroll expander with 
Nitrogen as the working fluid and Duratherm LT as the flooding liquid. As the 
objective was to evaluate the expander performance at higher temperatures 
around 423 [K] with liquid flooding, test data only for expander suction 
temperature higher than the ambient temperature (𝑇𝑠𝑢 > 𝑇𝑎𝑚𝑏) and with 
flooding ratio greater than zero ((𝑦 =
ṁ𝑙
ṁ𝑔
) > 0 ) was used to validate the 
expander model. The parameters determined through regression are shown in 
the Table 4-4. The regression was carried out in MATLAB using the Genetic 
algorithm to minimize the total error on mass flow rate, work and exhaust 
temperature. 
Table 4-4: Air Squared expander model parameters 
𝐴𝑈𝑠𝑢,𝑛 [W/K] 10 
𝐴𝑈𝑒𝑥,𝑛 [W/K] 8 
𝐴𝑈𝑎𝑚𝑏 [W/K] 4 







  𝑇𝑙𝑜𝑠𝑠 [N-m] 0.175 
  𝑉𝑟,𝑖𝑛𝑡 [-] 1.1 
𝑉𝑠𝑢,𝑒𝑥𝑝 [m
3] 0.000025 




Model predictions of the mass flow rate, work and exhaust temperature vs 
measured values are shown in Figures 4-9 to 4-11. Predictions of mass flow 
rate, work and exhaust temperature have reasonable agreement with the 
measured values with maximum errors of 20%, 20% and 14 [K], respectively. 
RMS errors calculated are 9.31%, 10.06% & 4.6455 [K] for mass flow rate, 
work and exhaust temperature, respectively. 
  
Figure 4-9: Prediction of the Air Squared expander mass flow rate 




Figure 4-10: Prediction of the Air Squared expander work output 
(Experimental data - Appendix A). 
  
Figure 4-11: Prediction of the Air Squared expander exhaust temperature 
(Experimental data - Appendix A). 
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Using the semi empirical model of the expander, performance was evaluated 
for the tested working conditions. Figure 4-12 shows the variation of work 
output and isentropic efficiency of the expander with pressure ratio, rotational 
speed and flooding ratio. Plot (a) and (c) show work output increasing with 
pressure ratio and rotational speed. Plot (b) shows that there is an optimum 
pressure ratio of around 2.5 that gives maximum isentropic efficiency.  This is 
most likely due to matching the volume ratio of the working fluid to the built-
in volume ratio of the expander.  Plot (d) shows that the isentropic efficiency 
decreases with rotational speed over the range considered.  There is an 
undoubtedly an optimum rotational speed that is lower than 1200 rpm for this 
expander.  Plots (e) and (f) indicate that the optimum oil flooding ratio appears 
to be close to 0 (without any liquid) for this expander and vary slightly with 






Figure 4-12: Expander work and efficiency predictions for tested pressure 
ratios, rotational speeds and flooding ratios are shown in plots (a) to (f) 
considering suction temperature = 150 [C]. In plots (c) to (f) optimum 
pressure ratio of 2.5 is considered. 
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4.4 Identification of Losses in the Expander 
 
In order to characterize the losses inside the expander, exergy analysis was 
carried out after the Air Squared expander semi empirical model validation. 
The change in the exergy for each process of the semi-empirical model was 
determined as follows: 
𝑒1 = (ℎ1 − ℎ𝑎𝑚𝑏) − 𝑇𝑎𝑚𝑏 ∗ (𝑠1 − 𝑠𝑎𝑚𝑏)      (4.22) 
𝑒2 = (ℎ2 − ℎ𝑎𝑚𝑏) − 𝑇𝑎𝑚𝑏 ∗ (𝑠2 − 𝑠𝑎𝑚𝑏)      (4.23) 
𝛥𝑒 = 𝑒1 − 𝑒2          (4.24) 
 Pressure drop losses = Suction pressure drop process exergy loss + 
Exhaust pressure drop process exergy loss. 
 Mechanical losses = Using 𝑇𝑙𝑜𝑠𝑠 & 𝛼 parameters. 
 Over/Under Expansion losses = Constant volume process exergy losses. 
 Heat transfer losses = Suction heat transfer process exergy losses + 
Exhaust heat transfer process exergy losses + Ambient heat transfer 
process exergy losses. 
 Leakage losses = (Leakage flow rate x Exergy loss from flow separation 
point to mixing point) + Leakage mixing exergy loss. 
Analysis was carried out at the following working conditions: suction pressure 
equal of 505736 Pa, suction temperature equal to 422.81 K, exhaust pressure 
equal to 240789 Pa, ambient temperature equal to 299.33 K, rotational speed 
equal to 1800 RPM, and flooding ratio equal to 2.07.  
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Figure 4-13 shows the breakdown of major internal losses inside the Air 
Squared expander. It can be seen that the pressure drop, heat transfer and 
frictional losses were the major contributors, followed by leakage and 
over/under expansion losses. 
 
 







4.5 Air Squared Expander Parametric Study 
 
The semi empirical expander model was used to analyze the effect of the input 
parameters on the component performance and to determine improvements 
that could lead to the higher efficiencies. Figure 4-14 shows the variation of 
isentropic efficiency of Air Squared expander as the function of different model 
input parameters. All of the parameters had a significant effect on the 
expander efficiency except for the ambient heat transfer conductance. 
Mechanical losses parameter alpha had the largest impact followed by the 
frictional torque parameter and leakage area. Modified parameters identified 
after this study are listed in Table 4-5. 
 

















𝐴𝑈𝑠𝑢,𝑛 [W/K] 2 
𝐴𝑈𝑒𝑥,𝑛 [W/K] 8 
𝐴𝑈𝑎𝑚𝑏 [W/K] 0.5 







  𝑇𝑙𝑜𝑠𝑠 [N-m] 0.01 
  𝑉𝑟,𝑖𝑛𝑡 [-] 1.1 
𝑉𝑠𝑢,𝑒𝑥𝑝 [m
3] 0.000025 
𝛼 [-] 0.01 
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CHAPTER 5. LIQUID FLOODED ERICSSON POWER CYCLE MODEL 
 
The power cycle model described in this section is based on the Liquid Flooded 
Ericsson Cycle Cooler model introduced by the Hugenroth (2006). This chapter 
includes description of thermodynamic modelling and results of a parametric 
study of the Liquid Flooded Ericsson power cycle.  
As the goal of cycle modelling in this work was to analyze the cycle 
performance using the semi-empirical expander and compressor models, 
modelling of the other components was simplified by making the following 
assumptions:  
a) Fluid behaves as an ideal gas. 
b) Specific heats of gas and liquid are constant. 
c) Perfect mixing of gas and liquid in the mixers. 
d) Perfect separation of gas and liquid in the separators. 
e) No pressure drops in heat exchangers, piping, mixers, or separators. 
f) Heat exchangers have constant effectiveness. 
g) Pump and hydraulic turbine have constant isentropic efficiencies. 
Figure 5-1 shows a schematic of a system based on Liquid Flooded Ericsson 
power cycle. This system practically implements the constant temperature 
expansion and compression processes of an ideal Ericsson cycle.  
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On the compressor side, cool flooding liquid (thermal oil) is mixed with the gas 
(working fluid) in the mixer and then compressed in the compressor. During 
compression, the flooding liquid having much higher specific heat acts as a 
heat sink for the gas and reduces the change in temperature depending on the 
amount of liquid mixed. The mixture then goes into a separator where gas and 
liquid phases are separated. The oil then flows through the cold heat exchanger 
after expanding through a hydraulic turbine and rejects heat to the heat sink 
at 𝑇𝑟𝑒𝑓,𝑐𝑜𝑙𝑑. 
 
Figure 5-1: Schematic of the liquid flooded Ericsson power cycle system. 
 
The gas flows through the regenerator and heats up by exchanging heat from 
the hot gas flowing from expander side to the compressor side. The heated 
gas is then mixed with the hot flooding liquid and allowed to expand in the 
expander. During expansion, the flooding oil having much higher specific heat 
65 
 
acts as a heat source for the gas and reduces the change in temperature 
depending on the amount of liquid mixed. The mixture then goes into a 
separator where gas and liquid are separated. Oil then flows through the hot 
heat exchanger after being pumped and exchanges heat with the heat source 
at 𝑇𝑟𝑒𝑓,ℎ𝑜𝑡. 
5.1 Description of the Model 
 
5.1.1 Component Models 
 
5.1.1.1 Compressor and Expander  
 
Semi empirical models of the scroll compressor and expander were used in the 
Liquid Flooded Ericsson Power Cycle model. Descriptions of these component 
models are provided in chapter 3. 
5.1.1.2 Hydraulic Turbine 
 
Constant isentropic efficiency of the motor was assumed with actual work 
output of the motor calculated as shown in the equations below. 
ℎ𝑖 = 𝑓(𝑃𝑖, 𝑇𝑖)            (5.1) 
ℎ𝑜,𝑖𝑑𝑒𝑎𝑙 = 𝑓(𝑃𝑜, 𝑇𝑖)           (5.2) 
𝑊𝑚,𝑖𝑑𝑒𝑎𝑙 = ṁ𝑙 ∗ (ℎ𝑖 − ℎ𝑜,𝑖𝑑𝑒𝑎𝑙)          (5.3) 
ℎ𝑜 = 𝑓(𝑃𝑜, 𝑇𝑜)            (5.4) 
𝑊𝑚,𝑎𝑐𝑡𝑢𝑎𝑙 = ṁ𝑙 ∗ (ℎ𝑖 − ℎ𝑜)          (5.5) 
𝜂𝑚  =  
𝑊𝑚,𝑎𝑐𝑡𝑢𝑎𝑙
𝑊𝑚,𝑖𝑑𝑒𝑎𝑙





Similar to the hydraulic motor model, the pump was modelled by assuming a 
constant isentropic efficiency as shown in the equations below.   
ℎ𝑖 = 𝑓(𝑃𝑖, 𝑇𝑖)            (5.7) 
ℎ𝑜,𝑖𝑑𝑒𝑎𝑙 = 𝑓(𝑃𝑜, 𝑇𝑖)           (5.8) 
𝑊𝑝,𝑖𝑑𝑒𝑎𝑙 = ṁ𝑙 ∗ (ℎ𝑜,𝑖𝑑𝑒𝑎𝑙 − ℎ𝑖)          (5.9) 
ℎ𝑜 = 𝑓(𝑃𝑜, 𝑇𝑜)          (5.10) 
𝑊𝑝,𝑎𝑐𝑡𝑢𝑎𝑙 = ṁ𝑙 ∗ (ℎ𝑜 − ℎ𝑖)                (5.11) 
𝜂𝑝  =  
𝑊𝑝,𝑖𝑑𝑒𝑎𝑙
𝑊𝑝,𝑎𝑐𝑡𝑢𝑎𝑙
          (5.12) 
5.1.1.4 Heat Exchangers 
 
The heat exchangers were modelled using simple effectiveness models as 
shown in Equations (5.13) & (5.14) where, ℎ𝑟𝑒𝑓,ℎ𝑜𝑡  &  ℎ𝑟𝑒𝑓,𝑐𝑜𝑙𝑑  are the enthalpies 
of the flooding liquid at heat source and heat sink temperatures respectively. 







        (5.13) 












The regenerator was modelled as a counter flow heat exchanger. The model 
assumed that the minimum of the hot side maximum or cold side maximum 
heat transfer is equal to the maximum regenerator heat transfer rate. 
ℎ𝑐,𝑖 = 𝑓(𝑃𝑐,𝑖, 𝑇𝑐,𝑖)         (5.15) 
ℎℎ,𝑖 = 𝑓(𝑃ℎ,𝑖, 𝑇ℎ,𝑖)         (5.16) 
ℎ𝑐,𝑜,𝑚𝑎𝑥 = 𝑓(𝑃𝑐,𝑜, 𝑇ℎ,𝑖)         (5.17) 
ℎℎ,𝑜,𝑚𝑎𝑥 = 𝑓(𝑃ℎ,𝑜, 𝑇𝑐,𝑖)         (5.18) 
?̇?𝑐,𝑚𝑎𝑥 = ṁ𝑔 ∗ (ℎ𝑐,𝑜,𝑚𝑎𝑥 − ℎ𝑐,𝑖)       (5.19) 
?̇?ℎ,𝑚𝑎𝑥 = ṁ𝑔 ∗ (ℎℎ,𝑖 −  ℎℎ,𝑜,𝑚𝑎𝑥)       (5.20) 







       (5.22) 
5.1.1.6 Mixer 
 
Adiabatic mixing with no pressure drop was assumed. Mixing was also 
considered perfect with equal temperature of the gas and liquid in the mixture 
at the exit.  








Adiabatic separation with no pressure drop was assumed. Separation was 
also considered perfect with exit temperature of gas equal to the liquid 
temperature.  
𝑇𝑓,𝑖 = 𝑇𝑔,𝑜 = 𝑇𝑙,𝑜         (5.24)
 
Figure 5-3: Schematic of the separator. 
 
Net cycle work output was calculated by subtracting the work done on the 
compressor and pump from the work produced by the expander and the motor. 
Ẇ𝑛𝑒𝑡 = (Ẇ̇𝑒𝑥𝑝 + Ẇ𝑚,𝑎𝑐𝑡𝑢𝑎𝑙) − (Ẇ𝑐𝑜𝑚𝑝 + Ẇ𝑝,𝑎𝑐𝑡𝑢𝑎𝑙)     (5.25) 
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Cycle thermal efficiency was calculated by dividing the net cycle work output 
by the heat supplied. Heat supplied to the cycle is equal to the heat absorbed 
by the flooding liquid in the hot side heat exchanger. 




         (5.27) 
Cycle Carnot efficiency, the theoretical maximum efficiency that can achieved 
between hot and cold temperatures and the second law efficiency, a 
comparison of the system’s thermal efficiency to the maximum possible 
efficiency were calculated by -  
𝜂𝑐𝑎𝑟𝑛𝑜𝑡 = 1 − 
𝑇𝑟𝑒𝑓,𝑐𝑜𝑙𝑑 
𝑇𝑟𝑒𝑓,ℎ𝑜𝑡
         (5.28) 
𝜂2𝑛𝑑,𝑙𝑎𝑤 =  
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 
𝜂𝑐𝑎𝑟𝑛𝑜𝑡
         (5.29) 
5.1.2 Solution of the LFEC Model 
 
The flowchart in Figure 5-4 shows the LFEC cycle model solution along with 
the inputs and outputs of the model. Inputs include the working conditions 
such as suction & exhaust pressures, heat source & sink temperatures, 
ambient temperature, expander rotational speed and flooding ratios, pump & 
motor efficiencies and heat exchanger effectiveness. Also, the parameters of 
the semi empirical component models are also supplied to the LFEC model. 








5.2 Cycle Model Simulation Results and Parametric Study 
 
The Liquid Flooded Ericsson power cycle performance was analyzed with the 
Sanden scroll compressor and Sanden & Air Squared scroll expanders. 
Simulation results for different cases investigated are shown in the following 
sections. A parametric study was carried out to find approximate optimum 
working conditions for the cycle model with different expander models. While 
the pump & motor efficiencies of 80% and effectiveness of 95% for all heat 
exchangers were considered constant in each case, optimum cycle pressure 
ratio, low side pressure, expander and compressor flooding ratios were 
calculated for maximum cycle thermal efficiency. 
5.2.1 Cycle Model with Sanden Expander 
 
Figures 5-5 shows plots for cycle thermal efficiency as a function of compressor 
and expander flooding ratio, cycle pressure ratio and low side pressure. 
Optimum values of these variables were selected based on this parametric 
study.   
 Pressure Ratio = 2.5 [-] 
 Low Side Pressure = 900 [KPa] 
 Expander Flooding Ratio = 1 [-] 






Figure 5-5: Cycle model parametric study with Sanden expander and Sanden 
compressor. 
Figures 5-6 and 5-7 show the variation of cycle thermal efficiency with heat 
source temperature for the near-optimal working conditions listed above. The 
overall cycle performance is relatively poor. It can be seen clearly below 600 
K heat source temperature, the cycle cannot produce any net work and only 
reaches an efficiency of 17% at around 1200 K heat source temperature. The 
poor cycle performance can be attributed to the poor expander efficiency, 




Figure 5-6: Variation of the cycle thermal efficiency and component 
efficiencies as a function of heat source temperature.  
 
Figure 5-7: Variation of the cycle thermal, Carnot & second law efficiencies 
as a function of heat source temperature. 
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5.2.2 Cycle Model with Air Squared Expander 
 
Figures 5-8 shows cycle thermal efficiency as a function of compressor and 
expander flooding ratio, cycle pressure ratio and low side pressure. Optimum 
values of these variables were selected based on this parametric study.   
 Pressure Ratio = 2 [-] 
 Lower Pressure = 900 [KPa] 
 Expander Flooding Ratio = 2 [-] 
 Compressor Flooding Ratio = 5 [-] 
 




Figures 5-9 and 5-10 show cycle performance with the Sanden compressor 
and Air Squared expander. These plots show the variation of cycle thermal 
efficiency as a function of heat source temperature for the working conditions 
listed above. These results show very poor cycle performance.  The cycle only 
produces positive net work above a source temperature of around 1100 K. 
Again, the poor cycle performance is due to the poor expander efficiency of 
around 42%. 
 
Figure 5-9: Variation of the cycle thermal efficiency and component 




Figure 5-10: Variation of the cycle thermal, Carnot & second law efficiencies 
as a function of heat source temperature. 
 
5.2.3 Cycle Model with Sanden Expander Modified Parameters 
 
Figure 5-11 shows plots for cycle thermal efficiency as a function of compressor 
and expander flooding ratio, cycle pressure ratio and low side pressure for the 
improved expander defined in Chapter 4. Optimum values of these variables 
were selected based on this parametric study. 
 Pressure Ratio = 2.5 [-] 
 Law Side Pressure = 900 [KPa] 
 Expander Flooding Ratio = 1 [-] 





Figure 5-11: Cycle model parametric study with Sanden expander (modified 
parameters) and Sanden compressor. 
Figures 5-12 and 5-13 show the variation of cycle thermal efficiency as a 
function of heat source temperature for the working conditions listed above. 
The results show slight improvement in cycle performance. It can be seen that 
the cycle thermal efficiency reaches 21% at around 1200 K heat source 
temperature. This change in the cycle performance can be attributed to the 
small improvement in component efficiencies, as both the compressor and the 





Figure 5-12: Variation of the cycle thermal efficiency and component 
efficiencies as a function of heat source temperature. 
 
Figure 5-13: Variation of the cycle thermal, Carnot & second law efficiencies 
as a function of heat source temperature. 
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5.2.4 Cycle Model with Air Squared Expander Modified Parameters 
 
Figure 5-14 shows plots for cycle thermal efficiency as a function of compressor 
and expander flooding ratio, cycle pressure ratio and low side pressure for the 
cycle with the improved Air Squared expander. Optimum values of these 
variables were selected based on this parametric study. 
 
Figure 5-14: Cycle model parametric study with Air Squared expander 
(modified parameters) and Sanden compressor 
 Pressure Ratio = 2 [-] 
 Lower Pressure = 900 [KPa] 
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 Expander Flooding Ratio = 2 [-] 
 Compressor Flooding Ratio = 5 [-] 
Figures 5-15 and 5-16 show the variation of cycle thermal efficiency as the 
function of heat source temperature for the following working conditions listed 
above. Similar to the case of the modified Sanden expander, the simulation 
results show improved cycle performance. It can be seen that the cycle thermal 
efficiency reaches 30% at around a 1200 K heat source temperature. This 
change in the cycle performance can be attributed to the improved expander 
performance, as the expander efficiencies over the range of source 
temperatures analyzed averaged around 75%. 
 
Figure 5-15: Variation of the cycle thermal efficiency and component 












Figure 5-16: Variation of the cycle thermal, Carnot & second law efficiencies 
as a function of heat source temperature. 
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Experimental investigation of a prototype scroll expander designed for oil 
flooding & high temperature working conditions was carried out and test data 
for a total of 36 steady state points was collected for performance analysis. 
Test results show poor expander performance with isentropic efficiencies less 
than 30% over the range of tested working conditions. The volumetric 
efficiencies ranged from 30% to 75%. These low volumetric efficiencies 
indicated the presence of significant internal leakages.  
Modelling using semi empirical approaches for the scroll expander and scroll 
compressor as presented by Lemort (2008) was carried out. The models were 
validated for the Sanden scroll compressor and expander using the 
experimental data from Bell (2011) and for the Air Squared scroll expander 
using data collected during this work. Irreversibility analysis was conducted to 
identify the different losses inside the Air Squared expander using the validated 
semi-empirical model. Analysis showed that the pressure drop, heat transfer 
and frictional losses were the major contributors, followed by leakage and 
over/under expansion losses. 
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Thermodynamic modelling of the Liquid Flooded Ericsson Power Cycle based 
on the Ericsson cycle cooler model presented by Hugenroth (2006) was carried 
out. A parametric study of the LFEC was done using the detailed expander and 
compressor models. Cycle performance predicted with both the Sanden and 
Air Squared expanders was poor due to the poor performance of the 
expanders. Over the range of source temperatures considered, the maximum 
cycle thermal efficiency achieved was 17% with the Sanden and 1% with the 
Air Squared expander. 
The semi empirical models were used to identify improvements in the expander 
performance that could lead to higher isentropic efficiencies. Performance 
analyses of the LFEC were carried out using improved expander performance 
characterizations. Improved cycle performance was predicted with the 
improved Sanden and Air Squared expanders. The maximum cycle thermal 
efficiency achieved was 22% with the Sanden and 30% with the Air Squared 
expander.  
6.2 Future Work 
 
From the testing and performance analysis conducted, it is clear that higher 
efficiency components are necessary to obtain higher cycle efficiencies.  
Detailed deterministic models could be used to analyze and optimize the design 
for performance with liquid flooding at high temperatures. 
The LFEC test stand capabilities can be improved so that higher power off the 
shelf expanders like the Sanden expander that predicted better performance 
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than the optimized expander can be tested. Although the prototype Air 
Squared expander showed poor results over the tested working conditions, it 
would be interesting to test and analyze its performance over a much wider 
range of working conditions.  This would require better heaters and higher flow 
rates.  
In the Liquid Flooded Ericsson power cycle model presented in this work, 
certain assumptions were made to simplify the modelling of several 
components. This included perfect mixing and separation and no pressure 
drops across components. Practically there are pressure drops and fluid carry 
over, so more detailed modelling is needed in order to predict the cycle 




















LIST OF REFERENCES 
85 
 
LIST OF REFERENCES 
 
1. Georges, E. (2012). Investigation of a Flooded Expansion Organic Rankine 
Cycle System. Thesis, University of Liege. 
 
2. Bell, I. (2011). Theoretical and Experimental Analysis of Liquid Flooded 
Compression in Scroll Compressors. Ph.D. Thesis, Purdue University. 
 
3. Hugenroth, J. (2006). Liquid Flooded Ericsson Cycle Cooler. Ph.D. Thesis, 
Purdue University. 
 
4. James, N. (2014). High Temperature Flooded Expansion for Solar Thermal 
Power Generation. Thesis, Purdue University. 
 
5. Lemort, V. (2008). Contribution to the Characterization of Scroll Machines 
in Compressor and Expander Modes. PhD. Thesis, University of Liege. 
 
6. Bell, I., Lemort, V., Groll, E., Braun, J. E., King, G., & Horton, W. T., (2012). 
Liquid-Flooded Compression and Expansion in Scroll Machines – Part I: 
Model Development. Publications of the Ray W. Herrick Laboratories. Paper 
64. 
 
7. Bell, I., Lemort, V., Groll, E., Braun, J. E., King, G., & Horton, W. T., (2012). 
Liquid-Flooded Compression and Expansion in Scroll Machines – Part II: 
Experimental testing and model validation. Publications of the Ray W. 
Herrick Laboratories. Paper 63. 
 
8. Kim, Y. M., Shin, D. K. K., & Lee, J. H. H. (2004). A New Ericsson Cycle 
Comprising a Scroll Expander and a Scroll Compressor for Power and 
Refrigeration Applications. International Refrigeration and Air Conditioning 
Conference. Paper 719. 
 
9. Woodland, B. J., Braun, J. E., Groll, E.A., and Horton, W. T. (2012). 
Experimental Testing of an Organic Rankine Cycle with Scroll-type 
Expander. Publications of the Ray W. Herrick Laboratories. Paper 52. 
86 
 
10. Lemort, V., Teodorese, I. V., & Lebrun, J. (2006). Experimental Study of 
the Integration of a Scroll Expander into a Heat Recovery Rankine Cycle. 
International Compressor Engineering Conference. Paper 1771. 
 
11. Quoilin, S., Lemort, V., & Lebrun J. (2010). Experimental study and 
modeling of an Organic Rankine Cycle using scroll expander. Applied 
Energy 87 (2010) 1260–1268. 
 
12. Bell, I. H., Groll, E. A., Braun J. E., King G. B., & Horton W. T. (2012). 
Optimization of a scroll compressor for liquid flooding. International 
Journal of Refrigeration 35 (2012) 1901 – 1913.  
 
13. Bell, I., Lemort, V., Braun, J., & Groll, E. (2008). Development of Liquid-
Flooded Scroll Compressor and Expander Models. International 
Compressor Engineering Conference. Paper 1872. 
 
14. Bergman, T. L., Lavine. A. S., Incropera, F. P., DeWitt, D. P. (2011). 
Fundamentals of Heat and Mass Transfer, 7th Edition. John Wiley & Sons. 
 
15. U.S. Department of Energy. (2011). Concentrating Solar Power (CSP) 
R&D Funding Opportunity Announcement Number: DE-FOA-0000595. 
Washington D.C. 
 
16. U.S. Department of Energy. (2012). SunShot Vision Study. 
 
17. U.S. Energy Information Administration. (2014). Annual Energy Outlook 
2014 with projections to 2040. 
 
18. Klein, S. (2013). Engineering Equation Solver. F-Chart Software. 
 
19. Shcherbakov, M. V., Brebels, A., Shcherbakov, N. L., Tyukov, A. P., 
Janovsky, T. A., & Kamaev, V. A. (2013). A Survey of Forecast Error 
















Appendix A: Test Data 
 
Table A-1: Air Squared expander experimental data. 











1 301901 295.93 148861 295.40 289.92 0.0033 0.0000 30 9.22 
2 301817 295.33 145177 296.49 294.97 0.0017 0.0035 30 -1.69 
3 300507 295.71 142885 296.50 296.19 0.0015 0.0075 30 -8.10 
4 303241 295.65 150733 295.16 289.75 0.0038 0.0000 40 3.56 
5 304917 296.3 146502 295.95 297.53 0.0021 0.0043 40 -8.76 
6 300335 296.05 144531 296.16 298.2 0.0018 0.0091 40 -16.6 
7 427832 297.34 218730 296.96 298.73 0.0048 0.0000 30 21.32 
8 508949 295.14 252134 294.60 292.1 0.0031 0.0061 30 9.72 
9 511211 297.34 249715 295.56 298.05 0.0029 0.0146 30 3.96 
10 411928 295.19 206668 294.60 288.23 0.0051 0.0000 40 11.16 
11 503441 295.64 248188 294.72 293.246 0.0036 0.0072 40 0.56 
12 511908 296.07 252256 295.30 296.75 0.0033 0.0158 40 -8.28 
13 307338 423.81 151570 296.00 353.32 0.0025 0.0000 30 12.48 
14 306094 423.53 145299 296.60 392.15 0.0018 0.0038 30 11.21 
15 308428 425.96 145168 298.54 411.41 0.0017 0.0088 30 5.42 
16 300351 423.81 146264 296.71 355.22 0.0028 0.0000 40 9.77 
17 302687 423.52 150859 297.98 399.53 0.0020 0.0041 40 5.94 
18 308704 425.32 148266 296.28 410.92 0.0020 0.0100 40 1.88 
19 505736 422.81 240789 299.33 403.73 0.0034 0.0071 30 27.45 
20 503560 423.12 249163 296.46 411.424 0.0032 0.0158 30 20.63 
21 499852 426.23 250168 296.88 406.4 0.0037 0.0075 40 17.77 
22 506327 417.87 251663 297.70 407.85 0.0036 0.0181 40 15.22 
23 376123 424.05 125158 296.59 369.9 0.0026 0.0026 30 31.38 
24 371772 427.15 124756 297.68 414.65 0.0023 0.0118 30 20.35 
25 386737 422.96 132631 297.76 391.38 0.0029 0.0032 40 28.72 
26 375835 422.4 128035 296.48 407.46 0.0026 0.0131 40 21.19 
27 505505 416.27 166648 296.18 370.94 0.0038 0.0041 30 44.48 
28 502081 420.53 164711 297.61 405.73 0.0033 0.0160 30 36.98 
29 501178 422.18 163514 297.95 393.77 0.0040 0.0042 40 40.68 
30 496636 420.01 162845 298.90 409.97 0.0037 0.0178 40 33.02 
31 502829 423.79 330606 295.67 397.08 0.0035 0.0072 40 3.19 
32 505316 422.62 203943 296.50 401.68 0.0039 0.0081 40 28.08 
33 502672 424.81 167209 296.79 399.96 0.0040 0.0082 40 35.72 
34 502074 424.56 153911 297.12 403.3 0.0040 0.0082 40 38.53 
35 504612 425 250385 296.29 400.26 0.0026 0.0055 10 30.81 
36 506378 424.96 252956 295.89 399.7 0.0030 0.0064 20 26.50 
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Appendix B: Code 
 
1. Semi-Empirical Scroll Expander Model (Code in MATLAB) 
%% MATLAB Function File - Liq_density.m 
function[rho_l] = Liq_density(T) 
    % Calculates liquid density (Duratherm LT) 
    % Temperature in Kelvin 
    rho_l = -0.6793*T + 1012.4;   
end 
 
%% MATLAB Function File - Liq_enthalpy.m 
function[h_l] = Liq_enthalpy(T,P) 
    % Calculates liquid enthalpy (Duratherm LT) 
    % Temperature in Kelvin 
    % Pressure in Pascal 




%% MATLAB Function File - Liq_entropy.m 
function[s_l] = Liq_entropy(T) 
    % Calculates liquid entropy (Duratherm LT) 
    % Temperature in Kelvin 
    s_l = 3.4014*(T - 298) + 1094.3*log(T/298); 
end 
 
%% MATLAB Function File - Liq_int_energy.m 
function[u_l] = Liq_int_energy(T) 
    % Calculates liquid internal energy (Duratherm LT) 
    % Temperature in Kelvin 
    u_l=  ((3.4014/2)*(T^2) + 1094.3*T); 
end 
 
%% MATLAB Function File - Liq_sp_heat.m 
function[c_l] = Liq_sp_heat(T) 
    % Calculates liquid specific heat (Duratherm LT) 
    % Temperature in Kelvin 
    c_l = 3.4014*T + 1094.3; 
end 
 
%% MATLAB Function File - Liq_sp_vol.m 
function[v_l] = Liq_sp_vol(T) 
    % Calculates liquid specific volume (Duratherm LT) 
    % Temperature in Kelvin 
    rho_l = -0.6793*T + 1012.4; 





%% MATLAB Function File - Liq_viscosity.m 
function[mu_l] = Liq_viscosity(T) 
    % Calculates liquid viscosity (Duratherm LT) 
    % Temperature in Kelvin 
    mu_l = ((T^(-5.301))*10^11); 
end 
 
%% MATLAB Function File – T_mix_h.m 
function [EnthalpyBalance] = T_mix_h(h_mix,y,P,T,Gas) 
    % Calculated mixture temperature for constant enthalpy 
    h_r = PropsSI('H','P',P,'T',T,Gas); 
    h_l = Liq_enthalpy(T,P); 
    h = (h_r + h_l*y)/(1+y); 
    EnthalpyBalance = h_mix - h; 
End 
 
%% MATLAB Function File – T_mix_s.m 
function [EntropyBalance] = T_mix_s(s_mix,y,P,T,Gas) 
    % Calculated mixture temperature for constant entropy 
    s_r = PropsSI('S','P',P,'T',T,Gas); 
    s_l = Liq_entropy(T); 
    s = (s_r + s_l*y)/(1+y); 
    EntropyBalance = s_mix - s; 
End 
 
%% MATLAB Function File – VB_Pressure_exp.m 
function[VB] = VB_Pressure_exp(v_mix,s_1,T_1,P_2,y,Gas) 
    % Calculates temperature for given entropy and specific 
volume 
    global T_ex4; 
    fun = @(T_ex4) T_mix_s(s_1,y,P_2,T_ex4,Gas); 
    T_ex4_guess = 1.1*T_1; 
    T_ex4 = fzero(fun,T_ex4_guess); 
     
    rho_r = PropsSI('D','P',P_2,'T',T_ex4,Gas); 
    v_r = 1/rho_r; 
    rho_l = Liq_density(T_ex4); 
    v_l = 1/rho_l; 
    v = (v_r + v_l*y)/(1+y); 
    VB = v_mix - v; 
End 
 
%% MATLAB Function File – Chisholm_su_exp.m 
function [massbalance] = 
Chisholm_su_exp(m,A,P_1,T_1,s_1,P_2,y,Gas) 
    % Calulates pressure drop at the suction using Chisholm 
relation for two phase flow 
    % global T_su1; 
    m_g = m/(1+y); 
    x_g = m_g/m; 
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    psi = 0.4; 
    c_d = 0.77; 
    n = 1000; 
    dP = (P_1-P_2)/n; 
    P_vec = linspace(P_1,P_2,dP); 
    dI = zeros(1,length(P_vec)); 
     
    for i = 1:length(P_vec) 
        P = P_vec(i); 
        T = T_1; 
        v_g = 1/(PropsSI('D','T',T,'P',P,Gas));        
        v_l = 1/(-0.6793*T + 1012.4); 
        K = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l/v_g)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g/v_l))); 
        K_e = 1/(psi + ((1-psi)^2/(K - psi))); 
        v_e = ((x_g*v_g) + (K_e*(1-x_g)*v_l))*(x_g + ((1-
x_g)/K_e)); 
        dI(i) = v_e*dP; 
    end 
    
    sp_vol = trapz(dI); 
    
    fun = @(T_su1) T_mix_s(s_1,y,P_2,T_su1,Gas); 
    T_su1_guess = T_1; 
    T_su1 = fzero(fun,T_su1_guess); 
    
    v_g_2 = 1/(PropsSI('D','T',T_su1,'P',P_2,Gas));        
    v_l_2 = 1/(-0.6793*T_su1 + 1012.4); 
    K_2 = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l_2/v_g_2)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g_2/v_l_2))); 
    K_e_2 = 1/(psi + (((1-psi)^2)/(K_2 - psi))); 
    v_e_2 = ((x_g*v_g_2) + (K_e_2*(1-x_g)*v_l_2))*(x_g + ((1-
x_g)/K_e_2)); 
    
    G_2 = sqrt((2*sp_vol)/(v_e_2^2)); 
    m_dot_momentum = c_d*G_2*A; 
    
    massbalance = m - m_dot_momentum;  
end 
 
%% MATLAB Function File – Chisholm_ex_exp.m 
function[massbalance] = 
Chisholm_ex_exp(m,A,P_1,T_1,s_1,P_2,y,Gas) 
    % Calulates pressure drop at the exhaust using chisholm 
relation for  
    % two phase flow 
    % global T_ex; 
    m_g = m/(1+y); 
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    x_g = m_g/m; 
    psi = 0.4; 
    c_d = 0.77; 
    n = 1000; 
    dP = (P_1-P_2)/n; 
    P_vec = linspace(P_1,P_2,dP); 
    dI = zeros(1,length(P_vec)); 
     
    for i = 1:length(P_vec) 
        P = P_vec(i); 
        T = T_1; 
        v_g = 1/(PropsSI('D','T',T,'P',P,Gas));        
        v_l = 1/(-0.6793*T + 1012.4); 
        K = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l/v_g)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g/v_l))); 
        K_e = 1/(psi + ((1-psi)^2/(K - psi))); 
        v_e = ((x_g*v_g) + (K_e*(1-x_g)*v_l))*(x_g + ((1-
x_g)/K_e)); 
        dI(i) = v_e*dP; 
    end 
    sp_vol = trapz(dI); 
    
    fun = @(T_ex) T_mix_s(s_1,y,P_2,T_ex,Gas); 
    T_ex_guess = T_1; 
    T_ex = fzero(fun,T_ex_guess); 
    
    v_g_2 = 1/(PropsSI('D','T',T_ex,'P',P_2,Gas));        
    v_l_2 = 1/(-0.6793*T_ex + 1012.4); 
    K_2 = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l_2/v_g_2)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g_2/v_l_2))); 
    K_e_2 = 1/(psi + (((1-psi)^2)/(K_2 - psi))); 
    v_e_2 = ((x_g*v_g_2) + (K_e_2*(1-x_g)*v_l_2))*(x_g + ((1-
x_g)/K_e_2)); 
    
    G_2 = sqrt((2*sp_vol)/(v_e_2^2)); 
    m_dot_momentum = c_d*G_2*A; 
    
    massbalance = m - m_dot_momentum;  
end 
 




    global h_su; 
    global h_su2; 
    global m_dot_leak; 
    global m_dot_in; 
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    global W_exp2; 
    global W_exp1; 
    global W_exp; 
    global h_in; 
    global y_in; 
    global P_ex4; 
    global T_ex4; 
    global v_ex4; 
    global T_ex3; 
    global h_ex3; 
    global P_ex2; 
    global T_ex2; 
    global h_ex2; 
    global s_ex2; 
    global Q_dot_ex; 
    global Q_dot_su; 
    global P_ex1; 
    global h_ex1; 
    global T_ex1; 
    global s_ex1; 
    global v_ex1; 
    global P_ex1_c; 
    global P_ex1_c_guess; 
    global T_ex; 
    global s_ex; 
    global h_ex; 
    global v_ex; 
    global EB5; 
    global EB6; 
    global EB7; 
    global EB8; 
  
    % Adiabatic expansion at constant machine volume(ex4 - ex3) 
    W_exp2 = v_ex4*(P_ex4 - P_ex3); 
    W_exp = W_exp1 + W_exp2; 
    h_ex3 = h_in - W_exp; 
  
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(T_ex3) T_mix_h(h_ex3,y_in,P_ex3,T_ex3,Gas); 
    T_ex3_guess = T_ex4; 
    T_ex3 = fzero(fun,T_ex3_guess,options); 
  
    EB5 = m_dot*h_su - Q_dot_su - m_dot_in*h_ex3 - 
m_dot_leak*h_su2 - m_dot_in*W_exp; 
  
    % Leakage flow mixing (ex3 - ex2) 
    P_ex2 = P_ex3; 
    h_ex2 = (m_dot_in*h_ex3 + m_dot_leak*h_su2)/(m_dot); 
  
    options = optimset('TolX',(1*10^(-5))); 
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    fun = @(T_ex2) T_mix_h(h_ex2,y,P_ex2,T_ex2,Gas); 
    T_ex2_guess = T_ex3; 
    T_ex2 = fzero(fun,T_ex2_guess,options); 
    s_ex2 = ((PropsSI('S','T',T_ex2,'P',P_ex2,Gas)) + 
(Liq_entropy(T_ex2))*y)/(1 + y); 
  
    EB6 = m_dot*h_su - Q_dot_su - m_dot*h_ex2 - m_dot_in*W_exp; 
  
    % Exhaust fluid heating (ex2 - ex1) 
    P_ex1 = P_ex2; 
    Cp_ex2 = ((PropsSI('C','P',P_ex2,'T',T_ex2,Gas)) + 
(Liq_sp_heat(T_ex2))*y)/(1+y); 
    C_dot_ex = m_dot*Cp_ex2; 
    UA_ex = UA_ex_n*(m_dot/(m_dot_n))^0.8; 
    NTU_ex = UA_ex/C_dot_ex; 
    epsilon_ex = 1-exp(-NTU_ex);     
    Q_dot_ex = epsilon_ex*C_dot_ex*(T_ex2 - T_w); 
    h_ex1 = h_ex2 - Q_dot_ex/(m_dot); 
  
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(T_ex1) T_mix_h(h_ex1,y,P_ex1,T_ex1,Gas); 
    T_ex1_guess = T_ex2; 
    T_ex1 = fzero(fun,T_ex1_guess,options); 
  
    h_ex1 = ((PropsSI('H','T',T_ex1,'P',P_ex1,Gas)) + 
(Liq_enthalpy(T_ex1,P_ex1))*y)/(1+y); 
    s_ex1 = ((PropsSI('S','P',P_ex1,'T',T_ex1,Gas)) + 
(Liq_entropy(T_ex1))*y)/(1+y); 
    v_ex1 = ((1/(PropsSI('D','P',P_ex1,'T',T_ex1,Gas))) + 
(Liq_sp_vol(T_ex1))*y)/(1+y); 
  
    EB7 = m_dot*h_su - (Q_dot_ex + Q_dot_su + m_dot*h_ex1 + 
m_dot_in*W_exp); 
  
    %Exhaust Pressure Drop (ex1 - ex) 
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(P_ex1_c) 
Chisholm_ex_exp(m_dot,A_ex,P_ex1_c,T_ex1,s_ex1,P_ex,y,Gas); 
    P_ex1_c_guess = P_ex3; 
    P_ex1_c = fzero(fun,P_ex1_c_guess,options); 
  
    %Recover kinetic energy 
    h_ex = h_ex1; 
     
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(T_ex) T_mix_h(h_ex,y,P_ex,T_ex,Gas); 
    T_ex_guess = T_ex1; 




    s_ex = ((PropsSI('S','T',T_ex,'P',P_ex,Gas)) + 
(Liq_entropy(T_ex))*y)/(1 + y); 
    v_ex = ((1/(PropsSI('D','T',T_ex,'P',P_ex,Gas))) + 
(Liq_sp_vol(T_ex))*y)/(1 + y); 
  
    EB8 = m_dot*h_su + Q_dot_ex - (Q_dot_su + m_dot*h_ex + 
m_dot_in*W_exp); 
  









    global h_su; 
    global P_su1; 
    global T_su1; 
    global h_su1; 
    global P_su2; 
    global T_su2; 
    global h_su2; 
    global s_su2; 
    global v_l_su2; 
    global v_su2; 
    global P_thr_leak; 
    global T_thr_leak; 
    global h_thr_leak; 
    global v_thr_leak; 
    global C_thr_leak; 
    global P_ratio; 
    global V_dot_su_exp; 
    global m_dot_in; 
    global s_in; 
    global v_in; 
    global h_in; 
    global Q_dot_su; 
    global Q_dot_ex; 
    global Q_dot_amb; 
    global W_dot_loss; 
    global W_exp1; 
    global m_dot_leak; 
    global m_dot_g; 
    global m_dot_l; 
    global m_dot_leak_g; 
    global m_dot_leak_l; 
    global m_dot_g_in_cal; 
    global m_dot_l_in_cal; 
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    global m_dot_in_cal; 
    global y_in; 
    global P_ex4; 
    global T_ex4; 
    global h_ex4; 
    global s_ex4; 
    global v_ex4; 
    global P_ex4_guess; 
    global P_ex3_guess; 
    global P_ex3; 
    global EB2; 
    global EB3; 
    global EB4; 
  
    %Supply fluid heating(su1 - su2) 
    P_su2 = P_su1; 
    Cp_su1 = ((PropsSI('C','P',P_su1,'T',T_su1,Gas)) + 
(Liq_sp_heat(T_su1))*y)/(1+y); 
    C_dot_su = m_dot*Cp_su1; 
    UA_su = UA_su_n*(m_dot/(m_dot_n))^0.8; 
    NTU_su = UA_su/C_dot_su; 
    epsilon_su = 1-exp(-NTU_su); 
    if T_su > T_amb 
        Q_dot_su = epsilon_su*C_dot_su*(T_su1 - T_w); 
        h_su2 = h_su1 - (Q_dot_su/m_dot); 
    else 
        Q_dot_su = epsilon_su*C_dot_su*(T_w - T_su1); 
        h_su2 = h_su1 + (Q_dot_su/m_dot);     
    end 
  
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(T_su2) T_mix_h(h_su2,y,P_su2,T_su2,Gas); 
    T_su2_guess = T_su1; 
    T_su2 = fzero(fun,T_su2_guess,options); 
  
    s_su2 = ((PropsSI('S','P',P_su2,'T',T_su2,Gas)) + 
(Liq_entropy(T_su2))*y)/(1+y); 
    v_l_su2 = Liq_sp_vol(T_su2); 
    v_su2 = ((1/(PropsSI('D','T',T_su2,'P',P_su2,Gas))) + 
(Liq_sp_vol(T_su2))*y)/(1+y); 
  
    EB2 = m_dot*h_su - Q_dot_su - m_dot*h_su2; 
  
    % Internal Leakage (su2 - in) 
    Cp_su2 = ((PropsSI('C','P',P_su2,'T',T_su2,Gas)) + 
(Liq_sp_heat(T_su2))*y)/(1+y); 
    Cv_su2 = ((PropsSI('O','P',P_su2,'T',T_su2,Gas)) + 
(Liq_sp_heat(T_su2))*y)/(1+y); 
    gamma = Cp_su2/Cv_su2; 
    P_thr_leak_crit = P_su2*((2/(gamma+1))^(gamma/(gamma-1))); 
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    P_thr_leak = max(P_thr_leak_crit, P_ex); 
  
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(T_thr_leak) 
T_mix_s(s_su2,y,P_thr_leak,T_thr_leak,Gas); 
    T_thr_leak_guess = T_su2; 
    T_thr_leak = fzero(fun,T_thr_leak_guess,options); 
    h_thr_leak = (PropsSI('H','P',P_thr_leak,'T',T_thr_leak,Gas) 
+ Liq_enthalpy(T_thr_leak,P_thr_leak)*y)/(1+y); 
    v_thr_leak = 
((1/(PropsSI('D','P',P_thr_leak,'T',T_thr_leak,Gas))) + 
(Liq_sp_vol(T_thr_leak))*y)/(1+y); 
    C_thr_leak = sqrt(2*(h_su2 - h_thr_leak)); 
  
    P_ratio = P_su/P_ex; 
     
    m_dot_leak = (A_leak*C_thr_leak)/v_thr_leak; 
    m_dot_leak_g = m_dot_leak/(1+y); 
    m_dot_leak_l = m_dot_leak_g*y; 
    m_dot_g_in_cal = m_dot_g - m_dot_leak_g; 
    m_dot_l_in_cal = m_dot_l - m_dot_leak_l; 
    m_dot_in_cal = m_dot_g_in_cal + m_dot_l_in_cal; 
    y_in = m_dot_l_in_cal/m_dot_g_in_cal; 
  
    V_dot_su_exp = (V_su_exp*N)/60; 
    v_in = v_su2; 
    m_dot_in = V_dot_su_exp/v_in; 
  
    s_in = s_su2; 
    h_in = h_su2; 
  
    EB3 = m_dot*h_su - Q_dot_su - m_dot_in*h_su2 - 
m_dot_leak*h_su2; 
  
    % Isentropic Expansion(in - ex4) 
    v_ex4 = (V_dot_su_exp*V_r_int)/m_dot_in; 
    s_ex4 = s_in;  
     
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(P_ex4) 
VB_Pressure_exp(v_ex4,s_ex4,T_su2,P_ex4,y,Gas); 
    P_ex4_guess = [P_su,0.1*P_ex]; 
    P_ex4 = fzero(fun,P_ex4_guess,options); 
  
    h_ex4 = ((PropsSI('H','P',P_ex4,'T',T_ex4,Gas)) + 
(Liq_enthalpy(T_ex4,P_ex4))*y_in)/(1+y_in); 
    W_exp1 = h_in - h_ex4; 
  
    EB4 = m_dot*h_su - Q_dot_su - m_dot_in*h_ex4 - 




    % Step 2 - Adiabatic expansion at constant machine volume(ex4 
- ex3) 
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(P_ex3) 
Guess_Pressure_exp(T_w,m_dot,P_ex3,T_su,T_amb,P_ex,y,Gas,UA_ex_n,
m_dot_n,A_ex); 
    P_ex3_guess = [2*P_ex,0.1*P_ex]; 
    P_ex3 = fzero(fun,P_ex3_guess,options); 
  
    % Heat exchange with the ambience and energy balance on the 
fictitious wall" 
    W_dot_loss = T_loss*2*pi*N/60; 
  
    % Heating from ambient to wall 
    Q_dot_amb = UA_amb*(T_w - T_amb); 
  
    EnergyBalance = (W_dot_loss + Q_dot_su + Q_dot_ex) - 
Q_dot_amb;    
End 
 




    global s_su; 
    global h_su; 
    global P_su1_guess; 
    global P_su1; 
    global T_su1; 
    global s_su1; 
    global h_su1; 
    global v_su1; 
    global T_w_guess; 
    global T_w; 
    global m_dot_leak; 
    global m_dot_in; 
    global m_dot_g; 
    global m_dot_l; 
    global EB1; 
     
    m_dot_g = m_dot/(1+y); 
    m_dot_l = m_dot_g*y; 
  
    %Suction Presure Drop (su - su1) 
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(P_su1) 
Chisholm_su_exp(m_dot,A_su,P_su,T_su,s_su,P_su1,y,Gas); 
    P_su1_guess = 0.95*P_su; 




    %Recover kinetic energy 
    h_su1 = h_su; 
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(T_su1) T_mix_h(h_su1,y,P_su1,T_su1,Gas); 
    T_su1_guess = T_su; 
    T_su1 = fzero(fun,T_su1_guess,options); 
  
    s_su1 = ((PropsSI('S','T',T_su1,'P',P_su1,Gas)) + 
(Liq_entropy(T_su1))*y)/(1 + y); 
    v_su1 = ((1/(PropsSI('D','T',T_su1,'P',P_su1,Gas))) + 
(Liq_sp_vol(T_su1))*y)/(1 + y); 
  
    EB1 = m_dot*h_su - m_dot*h_su1; 
  
    %Guess wall temperature 
    options = optimset('TolX',(1*10^(-5))); 




    T_w_guess = [1.3*T_su,0.7*T_su];    
    T_w = fzero(fun,T_w_guess,options); 
  
    MassBalance = m_dot - (m_dot_in + m_dot_leak); 
End 
 






    Gas = 'N2'; 
    global s_su; 
    global h_su; 
    global P_su1; 
    global T_su1; 
    global h_su1; 
    global P_su1_guess; 
    global s_su1; 
    global v_su1; 
    global P_su2; 
    global T_su2; 
    global h_su2; 
    global s_su2; 
    global v_l_su2; 
    global v_su2; 
    global s_in; 
    global v_in; 
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    global h_in; 
    global y_in; 
    global P_ex4; 
    global T_ex4; 
    global v_ex4; 
    global h_ex4; 
    global s_ex4; 
    global P_ex4_guess; 
    global P_ex3; 
    global T_ex3; 
    global h_ex3; 
    global P_ex2; 
    global T_ex2; 
    global s_ex2; 
    global h_ex2; 
    global P_ex1; 
    global h_ex1; 
    global T_ex1; 
    global s_ex1; 
    global v_ex1; 
    global P_ex1_c; 
    global P_ex1_c_guess; 
    global T_ex; 
    global s_ex; 
    global h_ex; 
    global v_ex; 
    global P_thr_leak; 
    global T_thr_leak; 
    global h_thr_leak; 
    global v_thr_leak; 
    global C_thr_leak; 
    global P_ratio; 
    global V_dot_su_exp; 
    global T_w_guess; 
    global T_w; 
    global m_dot_leak; 
    global m_dot_in; 
    global m_dot_g; 
    global m_dot_l; 
    global m_dot_leak_g; 
    global m_dot_leak_l; 
    global m_dot_g_in_cal; 
    global m_dot_l_in_cal; 
    global m_dot_in_cal; 
    global Q_dot_su; 
    global Q_dot_ex; 
    global Q_dot_amb; 
    global W_dot_loss; 
    global W_exp2; 
    global W_exp1; 
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    global W_exp; 
  
    %Suction (su)  
    s_su = ((PropsSI('S','T',T_su,'P',P_su,Gas)) + 
(Liq_entropy(T_su))*y)/(1 + y); 
    h_su = ((PropsSI('H','T',T_su,'P',P_su,Gas)) + 
(Liq_enthalpy(T_su,P_su))*y)/(1 + y);      
    v_su = ((1/(PropsSI('D','T',T_su,'P',P_su,Gas))) + 
(Liq_sp_vol(T_su))*y)/(1 + y); 
  
    %Guess mass flow rate 
    options = optimset('TolX',(1*10^(-5))); 




    m_dot_guess = 
[0.7*(V_su_exp*N)/(v_su*60),1.5*(V_su_exp*N)/(v_su*60)]; 
    m_dot = fzero(fun,m_dot_guess,options); 
     
    m_dot_g = m_dot/(1+y); 
    m_dot_l = m_dot_g*y; 
  
    W_dot_exp = (m_dot_in*W_exp) - W_dot_loss - 
(alpha*(m_dot_in*W_exp)); 
  
    % Isentropic internal expansion work 
    options = optimset('TolX',(1*10^(-5))); 
    fun = @(T_ex_s) T_mix_s(s_su,y,P_ex,T_ex_s,Gas); 
    T_ex_s_guess = T_ex1; 
    T_ex_s = fzero(fun,T_ex_s_guess,options); 
  
    h_ex_s = ((PropsSI('H','P',P_ex,'T',T_ex_s,Gas)) + 
(Liq_enthalpy(T_ex_s,P_ex))*y)/(1+y);     
    W_exp_s = m_dot*(h_su - h_ex_s);    
    eta_exp_s = W_dot_exp/W_exp_s; 
  
    Error1 = ((m_dot - m_dot_meas)/m_dot_meas)^2; 
    Error2 = ((W_dot_exp - W_dot_exp_meas)/W_dot_exp_meas)^2; 
    Error3 = ((T_ex1 - T_ex_meas)/40)^2;   
  
    EB_exp = m_dot*h_su - (Q_dot_amb + m_dot*h_ex + W_dot_exp); 
end 
 
%% Main file 
clear all; clc; close all; 
%Inputs 




T_su_vec = xlsread('AirSquaredExpanderData.xlsx','HTF 
Data','B:B'); 
P_ex_vec = xlsread('AirSquaredExpanderData.xlsx','HTF 
Data','C:C'); 
N_vec = xlsread('AirSquaredExpanderData.xlsx','HTF Data','D:D'); 
y_vec = xlsread('AirSquaredExpanderData.xlsx','HTF Data','E:E'); 
T_amb_vec = xlsread('AirSquaredExpanderData.xlsx','HTF 
Data','F:F'); 
  
m_dot_meas_vec = xlsread('AirSquaredExpanderData.xlsx','HTF 
Data','G:G'); 
W_dot_exp_meas_vec = xlsread('AirSquaredExpanderData.xlsx','HTF 
Data','H:H'); 
T_ex_meas_vec = xlsread('AirSquaredExpanderData.xlsx','HTF 
Data','I:I'); 
  
for i = 1:22 
    P_su = P_su_vec(i); 
    T_su = T_su_vec(i); 
    P_ex = P_ex_vec(i); 
    N = N_vec(i);  
    y = y_vec(i); 
    T_amb = T_amb_vec(i); 
  
    m_dot_meas = m_dot_meas_vec(i); 
    W_dot_exp_meas = W_dot_exp_meas_vec(i); 
    T_ex_meas = T_ex_meas_vec(i); 
  
    UA_su_n = 10; 
    UA_ex_n = 8; 
    UA_amb = 4; 
    m_dot_n = 0.03; 
    A_su = 0.00006; 
    A_ex = 0.0001; 
    A_leak = 0.000001; 
    T_loss = 0.175; 
    V_r_int = 1.1; 
    V_su_exp = 0.000025; 
    alpha = 0.15; 
  







    E1 = Error1(1:i); 
    E2 = Error2(1:i); 
    E3 = Error3(1:i); 
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    Error1Sum = sum(E1); 
    Error2Sum = sum(E2); 
    Error3Sum = sum(E3); 
  
    Error = 1/3*(sqrt(Error1Sum)) + 1/3*(sqrt(Error2Sum)) + 
1/3*(sqrt(Error3Sum));    
end 
 
2. Semi-Empirical Scroll Compressor Model (Code in MATLAB) 
%% MATLAB Function File - Liq_density.m 
function[rho_l] = Liq_density(T) 
    % Calculates liquid density (Zerol 60) 
    % Temperature in Kelvin 
    rho_l = (-0.667*T + 1050.86); 
end 
 
%% MATLAB Function File - Liq_enthalpy.m 
function[h_l] = Liq_enthalpy(T,P) 
    % Calculates liquid enthalpy (Zerol 60) 
    % Temperature in Kelvin 
    % Pressure in Pascal 




%% MATLAB Function File - Liq_entropy.m 
function[s_l] = Liq_entropy(T) 
    % Calculates liquid entropy (Zerol 60) 
    % Temperature in Kelvin 
    s_l = 5.186*(T - 298) +  337.116*log(T/298); 
end 
%% MATLAB Function File - Liq_int_energy.m 
function[u_l] = Liq_int_energy(T) 
    % Calculates liquid internal energy (Zerol 60) 
    % Temperature in Kelvin 
    u_l=  ((5.186/2)*(T^2) + 337.116*T); 
end 
 
%% MATLAB Function File - Liq_sp_heat.m 
function[c_l] = Liq_sp_heat(T) 
    % Calculates liquid specific heat (Zerol 60) 
    % Temperature in Kelvin 
    c_l = 5.186*T + 337.116; 
end 
 
%% MATLAB Function File - Liq_sp_vol.m 
function [v_l] = Liq_sp_vol(T) 
    % Calculates liquid specific volume (Zerol 60) 
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    % Temperature in Kelvin 
    rho_l = -0.667*(T) + 1050.865; 
    v_l = 1/rho_l; 
end 
 
%% MATLAB Function File - Liq_viscosity.m 
function[mu_l] = Liq_viscosity(T) 
    % Calculates liquid viscosity (Zerol 60) 
    % Temperature in Kelvin 
    mu_l = (-0.0001235*T + 0.04808); 
end 
%% MATLAB Function File – T_mix_h.m 
function [EnthalpyBalance] = T_mix_h(h_mix,y,P,T,Gas) 
    % Calculated mixture temperature for constant enthalpy 
    h_r = PropsSI('H','P',P,'T',T,Gas); 
    h_l = Liq_enthalpy(T,P); 
    h = (h_r + h_l*y)/(1+y); 
    EnthalpyBalance = h_mix - h; 
End 
 
%% MATLAB Function File – T_mix_s.m 
function [EntropyBalance] = T_mix_s(s_mix,y,P,T,Gas) 
    % Calculated mixture temperature for constant entropy 
    s_r = PropsSI('S','P',P,'T',T,Gas); 
    s_l = Liq_entropy(T); 
    s = (s_r + s_l*y)/(1+y); 
    EntropyBalance = s_mix - s; 
End 
 
%% MATLAB Function File – VB_Pressure_exp.m 
function[VB] = VB_Pressure_comp(v_ex3,s_su3,T_su3,P_ex3,y,Gas) 
    % Calculates temperature for given entropy and specific 
volume 
    global T_ex3; 
    fun = @(T_ex3) T_mix_s(s_su3,y,P_ex3,T_ex3,Gas); 
    T_ex3_guess = 1.1*T_su3; 
    T_ex3 = fzero(fun,T_ex3_guess); 
     
    rho_r = PropsSI('D','P',P_ex3,'T',T_ex3,Gas); 
    v_r = 1/rho_r; 
    rho_l = Liq_density(T_ex3); 
    v_l = 1/rho_l; 
    v = (v_r + v_l*y)/(1+y); 
    VB = v_ex3 - v; 
end 
 
%% MATLAB Function File – Chisholm_su_comp.m 




    % Calulates pressure drop at the suction using Chisholm 
relation for two phase flow  
    % global T_su2; 
    m_g = m/(1+y); 
    x_g = m_g/m; 
    psi = 0.4; 
    c_d = 0.77; 
    n = 1000; 
    dP = (P_1-P_2)/n; 
    P_vec = linspace(P_1,P_2,dP); 
    dI = zeros(1,length(P_vec)); 
     
    for i = 1:length(P_vec) 
        P = P_vec(i); 
        T = T_1; 
        v_g = 1/(PropsSI('D','T',T,'P',P,Gas));        
        v_l = 1/(-0.667*(T) + 1050.865); 
        K = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l/v_g)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g/v_l))); 
        K_e = 1/(psi + ((1-psi)^2/(K - psi))); 
        v_e = ((x_g*v_g) + (K_e*(1-x_g)*v_l))*(x_g + ((1-
x_g)/K_e)); 
        dI(i) = v_e*dP; 
    end 
    
    sp_vol = trapz(dI); 
    
    fun = @(T_su2) T_mix_s(s_1,y,P_2,T_su2,Gas); 
    T_su2_guess = T_1; 
    T_su2 = fzero(fun,T_su2_guess); 
    
    v_g_2 = 1/(PropsSI('D','T',T_su2,'P',P_2,Gas));        
    v_l_2 = 1/(-0.667*(T_su2) + 1050.865); 
    K_2 = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l_2/v_g_2)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g_2/v_l_2))); 
    K_e_2 = 1/(psi + (((1-psi)^2)/(K_2 - psi))); 
    v_e_2 = ((x_g*v_g_2) + (K_e_2*(1-x_g)*v_l_2))*(x_g + ((1-
x_g)/K_e_2)); 
    
    G_2 = sqrt((2*sp_vol)/(v_e_2^2)); 
    m_dot_momentum = c_d*G_2*A; 
    
    massbalance = m - m_dot_momentum;    
end 
 
%% MATLAB Function File – Chisholm_ex_comp.m 




    % Calulates pressure drop at the exhaust using Chisholm 
relation for two phase flow  
    % global T_ex1; 
    m_g = m/(1+y); 
    x_g = m_g/m; 
    psi = 0.4; 
    c_d = 0.77; 
    n = 1000; 
    dP = (P_1-P_2)/n; 
    P_vec = linspace(P_1,P_2,dP); 
    dI = zeros(1,length(P_vec)); 
     
    for i = 1:length(P_vec) 
        P = P_vec(i); 
        T = T_1; 
        v_g = 1/(PropsSI('D','T',T,'P',P,Gas));        
        v_l = 1/(-0.667*(T) + 1050.865); 
        K = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l/v_g)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g/v_l))); 
        K_e = 1/(psi + ((1-psi)^2/(K - psi))); 
        v_e = ((x_g*v_g) + (K_e*(1-x_g)*v_l))*(x_g + ((1-
x_g)/K_e)); 
        dI(i) = v_e*dP; 
    end 
    
    sp_vol = trapz(dI); 
    
    fun = @(T_ex1) T_mix_s(s_1,y,P_2,T_ex1,Gas); 
    T_ex1_guess = T_1; 
    T_ex1 = fzero(fun,T_ex1_guess); 
    
    v_g_2 = 1/(PropsSI('D','T',T_ex1,'P',P_2,Gas));        
    v_l_2 = 1/(-0.667*(T_ex1) + 1050.865); 
    K_2 = psi + ((1-psi)*(sqrt((1 + (psi*((1-
x_g)/x_g)*(v_l_2/v_g_2)))/(1 + (psi*((1-
x_g)/x_g)))))*(sqrt(v_g_2/v_l_2))); 
    K_e_2 = 1/(psi + (((1-psi)^2)/(K_2 - psi))); 
    v_e_2 = ((x_g*v_g_2) + (K_e_2*(1-x_g)*v_l_2))*(x_g + ((1-
x_g)/K_e_2)); 
    
    G_2 = sqrt((2*sp_vol)/(v_e_2^2)); 
    m_dot_momentum = c_d*G_2*A; 
    
    massbalance = m - m_dot_momentum; 
end 
 





    global P_ex3; 
    global T_ex3; 
    global v_ex3; 
    global T_ex2; 
    global h_ex2; 
    global s_ex2; 
    global P_ex1; 
    global T_ex1; 
    global h_ex1; 
    global s_ex1; 
    global v_ex1; 
    global W_comp_1; 
    global W_comp_2; 
    global W_comp; 
  
    W_comp_2 = v_ex3*(P_ex2 - P_ex3); 
    W_comp = W_comp_1 + W_comp_2; 
    h_ex2 = h_su3 + W_comp; 
  
    options = optimset('TolX',1*10^(-4)); 
    fun = @(T) T_mix_h(h_ex2,y,P_ex2,T,Gas); 
    T_ex2_guess = T_ex3; 
    T_ex2 = fzero(fun,T_ex2_guess,options); 
  
    s_ex2 = ((PropsSI('S','T',T_ex2,'P',P_ex2,Gas)) + 
(Liq_entropy(T_ex2))*y)/(1 + y); 
  
    %State Point - 7 
    %Exhaust Pressure Drop (ex2 - ex1) 
    P_ex1 = P_ex; 
    options = optimset('TolX',1*10^(-3)); 
    fun = @(P_ex2_c) 
Chisholm_ex_comp(m_dot,A_ex,P_ex2_c,T_ex2,s_ex2,P_ex1,y,Gas); 
    P_ex2_c_guess = P_ex; 
    P_ex2_c = fzero(fun,P_ex2_c_guess,options); 
  
    %Recover kinetic energy 
    h_ex1 = h_ex2; 
    options = optimset('TolX',1*10^(-4)); 
    fun = @(T_ex1) T_mix_h(h_ex1,y,P_ex1,T_ex1,Gas); 
    T_ex1_guess = T_ex2; 
    T_ex1 = fzero(fun,T_ex1_guess,options); 
    s_ex1 = ((PropsSI('S','T',T_ex1,'P',P_ex1,Gas)) + 
(Liq_entropy(T_ex1))*y)/(1 + y); 
    v_ex1 = ((1/(PropsSI('D','T',T_ex1,'P',P_ex1,Gas))) + 
(Liq_sp_vol(T_ex1))*y)/(1 + y); 
  





%% MATLAB Function File – Guess_Enthalpy_comp.m 
function [enthalpybalance] = 
Guess_Enthalpy_comp(m_dot,h_su3,P_ex,N,y,Gas,A_ex,A_leak,V_r_int,
V_su_comp) 
    global P_su2; 
    global T_su2; 
    global s_su2; 
    global P_su3; 
    global T_su3; 
    global s_su3; 
    global v_su3; 
    global P_ex3; 
    global P_ex3_guess; 
    global T_ex3; 
    global h_ex3; 
    global s_ex3; 
    global v_ex3; 
    global P_ex2; 
    global T_ex2; 
    global h_ex2; 
    global s_ex2; 
    global V_dot_su; 
    global W_comp_1; 
    global P_thr_leak_crit; 
    global P_thr_leak; 
    global T_thr_leak; 
    global h_thr_leak; 
    global m_dot_in; 
    global m_dot_leak; 
    global m_dot_leak_cal; 
  
    P_su3 = P_su2; 
    options = optimset('TolX',1*10^(-4)); 
    fun = @(T) T_mix_h(h_su3,y,P_su3,T,Gas); 
    T_su3_guess = T_su2; 
    T_su3 = fzero(fun,T_su3_guess,options); 
  
    s_su3 = ((PropsSI('S','T',T_su3,'P',P_su3,Gas)) + 
(Liq_entropy(T_su3))*y)/(1 + y); 
    v_su3 = ((1/(PropsSI('D','T',T_su3,'P',P_su3,Gas))) + 
(Liq_sp_vol(T_su3))*y)/(1 + y); 
    V_dot_su = (V_su_comp*N)/60; 
    m_dot_in = V_dot_su/v_su3; 
    m_dot_leak = m_dot_in - m_dot; 
  
    %State Point - 5 
    %Reversible Adiabatic Compression (su3 - ex3) 
    v_ex3 = (V_dot_su/V_r_int)/m_dot_in; 
  
    options = optimset('TolX',1*10^(-4)); 
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    fun = @(P_ex3) 
VB_Pressure_comp(v_ex3,s_su3,T_su3,P_ex3,y,Gas); 
    P_ex3_guess = [0.8*P_ex,0.3*P_ex]; 
    P_ex3 = fzero(fun,P_ex3_guess,options); 
  
    fun = @(T) T_mix_s(s_su2,y,P_ex3,T,Gas); 
    T_ex3_guess = 1.1*T_su3; 
    T_ex3 = fzero(fun,T_ex3_guess); 
  
    h_ex3 = ((PropsSI('H','T',T_ex3,'P',P_ex3,Gas)) + 
(Liq_enthalpy(T_ex3,P_ex3))*y)/(1 + y); 
    s_ex3 = ((PropsSI('S','T',T_ex3,'P',P_ex3,Gas)) + 
(Liq_entropy(T_ex3))*y)/(1 + y); 
    W_comp_1 = h_ex3 - h_su3; 
  
    %State Point - 6 
    %Adiabatic constant volume Compression (ex3 - ex2) 
    options = optimset('TolX',1*10^(-4)); 
    fun = 
@(P_ex2)Guess_Pressure_comp(m_dot,h_su3,P_ex2,P_ex,y,A_ex,Gas); 
    P_ex2_guess = [1.1*P_ex,0.9*P_ex]; 
    P_ex2 = fzero(fun,P_ex2_guess,options); 
  
    %State Point - 8 
    %Internal Leakage (thr_leak) 
    Cp_su2 = ((PropsSI('C','P',P_su3,'T',T_su3,Gas)) + 
(Liq_sp_heat(T_su3))*y)/(1+y); 
    Cv_su2 = ((PropsSI('O','P',P_su3,'T',T_su3,Gas)) + 
(Liq_sp_heat(T_su3))*y)/(1+y); 
    gamma = Cp_su2/Cv_su2; 
    P_thr_leak_crit = P_su3*((2/(gamma+1))^(gamma/(gamma-1))); 
    P_thr_leak = max(P_thr_leak_crit, P_su3); 
    fun = @(T) T_mix_s(s_ex2,y,P_thr_leak,T,Gas); 
    T_thr_leak_guess = T_ex2; 
    T_thr_leak = fzero(fun,T_thr_leak_guess);    
    h_thr_leak = (PropsSI('H','P',P_thr_leak,'T',T_thr_leak,Gas) 
+ Liq_enthalpy(T_thr_leak,P_thr_leak)*y)/(1+y); 
    v_thr_leak = 
((1/(PropsSI('D','P',P_thr_leak,'T',T_thr_leak,Gas))) + 
(Liq_sp_vol(T_thr_leak))*y)/(1+y); 
    C_thr_leak = sqrt(2*(h_ex2 - h_thr_leak)); 
    m_dot_leak_cal = (A_leak*C_thr_leak)/v_thr_leak; 
  
    enthalpybalance = (m_dot_leak_cal - m_dot_leak); 
end 
 
%% MATLAB Function File – Guess_Wall_Temperature_comp.m 






    global Q_dot_su; 
    global Q_dot_ex; 
    global Q_dot_amb; 
    global W_dot_loss; 
    global h_su; 
    global P_su1; 
    global T_su1; 
    global h_su1; 
    global s_su1; 
    global P_su2_guess; 
    global P_su2; 
    global T_su2; 
    global h_su2; 
    global s_su2; 
    global v_su2; 
    global h_su3; 
    global h_su3_guess; 
    global P_ex1; 
    global T_ex1; 
    global h_ex1; 
    global T_ex; 
    global h_ex; 
  
    %State Point - 2 
    %Supply heating (su - su1) 
    Cp_su = ((PropsSI('C','P',P_su,'T',T_su,Gas)) + 
(Liq_sp_heat(T_su))*y)/(1+y); 
    C_dot_su = m_dot*Cp_su; 
    UA_su = UA_su_n*(m_dot/(m_dot_n))^0.8; 
    NTU_su = UA_su/C_dot_su; 
    epsilon_su = 1-exp(-NTU_su); 
    Q_dot_su = epsilon_su*C_dot_su*(T_w - T_su); 
    P_su1 = P_su; 
    h_su1 = h_su + (Q_dot_su/m_dot); 
  
    fun = @(T) T_mix_h(h_su1,y,P_su1,T,Gas); 
    T_su1_guess = T_su; 
    T_su1 = fzero(fun,T_su1_guess); 
  
    h_su1 = ((PropsSI('H','T',T_su1,'P',P_su1,Gas)) + 
(Liq_enthalpy(T_su1,P_su1))*y)/(1 + y); 
    s_su1 = ((PropsSI('S','T',T_su1,'P',P_su1,Gas)) + 
(Liq_entropy(T_su1))*y)/(1 + y); 
  
    %State Point - 3 
    %Supply pressure drop(su1 - su2) 
    options = optimset('TolX',1*10^(-3)); 
110 
 
    fun = @(P_su2) 
Chisholm_su_comp(m_dot,A_su,P_su1,T_su1,s_su1,P_su2,y,Gas); 
    P_su2_guess = 0.9*P_su1; 
    P_su2 = fzero(fun,P_su2_guess,options); 
  
    %Recover kinetic energy 
    h_su2 = h_su1; 
    fun = @(T_su2) T_mix_h(h_su2,y,P_su2,T_su2,Gas); 
    T_su2_guess = T_su1; 
    T_su2 = fzero(fun,T_su2_guess); 
    s_su2 = ((PropsSI('S','T',T_su2,'P',P_su2,Gas)) + 
(Liq_entropy(T_su2))*y)/(1 + y); 
    v_su2 = ((1/(PropsSI('D','T',T_su2,'P',P_su2,Gas))) + 
(Liq_sp_vol(T_su2))*y)/(1 + y); 
  
    %State Point - 4 
    %Leakage Mixing (su2 - su3) 
    options = optimset('TolX',1*10^(-4)); 
    fun = 
@(h_su3)Guess_Enthalpy_comp(m_dot,h_su3,P_ex,N,y,Gas,A_ex,A_leak,
V_r_int,V_su_comp); 
    h_su3_guess = [1.7*h_su,0.5*h_su]; 
    h_su3 = fzero(fun,h_su3_guess,options); 
  
    %State Point - 9 
    %Exhaust Cooling (ex1 - ex) 
    Cp_ex1 = ((PropsSI('C','P',P_ex1,'T',T_ex1,Gas)) + 
(Liq_sp_heat(T_ex1))*y)/(1+y); 
    C_dot_ex = m_dot*Cp_ex1; 
    UA_ex = UA_ex_n*(m_dot/(m_dot_n))^0.8; 
    NTU_ex = UA_ex/C_dot_ex; 
    epsilon_ex = 1-exp(-NTU_ex); 
    Q_dot_ex = epsilon_ex*C_dot_ex*(T_ex1 - T_w); 
    h_ex = h_ex1 - (Q_dot_ex/m_dot); 
  
    fun = @(T) T_mix_h(h_ex,y,P_ex,T,Gas); 
    T_ex_guess = T_ex1; 
    T_ex = fzero(fun,T_ex_guess); 
  
    Q_dot_amb = UA_amb*(T_w - T_amb); 
    W_dot_loss = (2*3.14*N*T_loss)/60; 
  










    global T_w; 
    global T_w_guess; 
    global m_dot_in; 
    global m_dot_leak; 
    global h_su2; 
    global h_su3; 
    global h_thr_leak; 
  
    %Guess wall temperature 
    options = optimset('TolX',1*10^(-4)); 




    T_w_guess = [1.2*T_su,0.8*T_su]; 
    T_w = fzero(fun,T_w_guess,options); 
  










    Gas = 'N2'; 
    global EB5; 
    global EB6; 
    global h_su; 
    global P_ex3; 
    global T_ex3; 
    global v_ex3; 
    global h_thr_leak; 
    global T_ex2; 
    global h_ex2; 
    global s_ex2; 
    global P_ex1; 
    global T_ex1; 
    global h_ex1; 
    global s_ex1; 
    global v_ex1; 
    global W_comp_1; 
    global W_comp_2; 
    global W_comp; 
    global Q_dot_su; 
    global m_dot_in; 
    global m_dot_leak; 
    global EB3; 
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    global EB4; 
    global EB7; 
    global P_su2; 
    global T_su2; 
    global h_su2; 
    global s_su2; 
    global P_su3; 
    global T_su3; 
    global s_su3; 
    global v_su3; 
    global h_ex3; 
    global s_ex3; 
    global P_ex2; 
    global V_dot_su; 
    global P_thr_leak_crit; 
    global h_thr_leak_cal; 
    global P_thr_leak; 
    global T_thr_leak; 
    global EB1; 
    global EB2; 
    global EB8; 
    global Q_dot_ex; 
    global Q_dot_amb; 
    global W_dot_loss; 
    global P_su1; 
    global T_su1; 
    global h_su1; 
    global s_su1; 
    global P_su2_guess; 
    global v_su2; 
    global h_su3; 
    global h_su3_guess; 
    global T_ex; 
    global h_ex; 
    global T_w; 
    global T_w_guess; 
  
    % State Point - 1 
    % Suction(su) 
    h_su = ((PropsSI('H','T',T_su,'P',P_su,Gas)) + 
(Liq_enthalpy(T_su,P_su))*y)/(1 + y); 
    s_su = ((PropsSI('S','T',T_su,'P',P_su,Gas)) + 
(Liq_entropy(T_su))*y)/(1 + y); 
    v_su = ((1/(PropsSI('D','T',T_su,'P',P_su,Gas))) + 
(Liq_sp_vol(T_su))*y)/(1 + y); 
  
    % Guess mass flow rate 
    options = optimset('TolX',1*10^(-4)); 






    m_dot_guess = 
[0.7*(V_su_comp*N)/(60*v_su),1.0*(V_su_comp*N)/(60*v_su)];   
    m_dot = fzero(fun,m_dot_guess,options); 
  
    % Compressor Performance 
    W_dot_loss = (2*3.14*N*T_loss)/60; 
    W_dot_comp = (m_dot_in*W_comp) + W_dot_loss; 
  
    Q_dot_amb = Q_dot_ex + W_dot_loss - Q_dot_su ; 
    T_w = T_amb + (Q_dot_amb/UA_amb); 
  
    % Isentropic Efficiency 
    fun = @(T_ex_s) T_mix_s(s_su,y,P_ex,T_ex_s,Gas); 
    T_ex_s_guess = 1.1*T_su; 
    T_ex_s = fzero(fun,T_ex_s_guess); 
    h_ex_s = ((PropsSI('H','P',P_ex,'T',T_ex_s,Gas)) + 
(Liq_enthalpy(T_ex_s,P_ex))*y)/(1+y); 
  
    W_dot_comp_s = m_dot*(h_ex_s - h_su);    
    eta_comp_s = W_dot_comp_s/W_dot_comp; 
  
    %Energy Balance 
    EB_comp = m_dot*h_su + W_dot_comp - (Q_dot_amb + m_dot*h_ex); 
  
    Error1 = ((m_dot - m_dot_meas)/m_dot)^2; 
    Error2 = ((W_dot_comp - W_dot_comp_meas)/W_dot_comp)^2; 
    Error3 = ((T_ex - T_ex_meas)/50)^2; 
end 
 
%% Main File 
clear all; clc; close all;  
%Inputs 
P_su_vec = xlsread('SandenCompressorData.xlsx','Data','A:A'); 
T_su_vec = xlsread('SandenCompressorData.xlsx','Data','B:B'); 
P_ex_vec = xlsread('SandenCompressorData.xlsx','Data','C:C'); 
N_vec = xlsread('SandenCompressorData.xlsx','Data','D:D'); 
y_vec = xlsread('SandenCompressorData.xlsx','Data','E:E'); 








for i = 1:28 
    P_su = P_su_vec(i); 
    T_su = T_su_vec(i); 
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    P_ex = P_ex_vec(i); 
    N = N_vec(i);  
    y = y_vec(i); 
    T_amb = T_amb_vec(i); 
  
    m_dot_meas = m_dot_meas_vec(i); 
    W_dot_comp_meas = W_dot_comp_meas_vec(i); 
    T_ex_meas = T_ex_meas_vec(i); 
  
    UA_su_n = 20; 
    UA_ex_n = 19.99; 
    UA_amb = 5; 
    m_dot_n = 0.012; 
    A_su = 0.00077; 
    A_ex = 0.00079; 
    A_leak = 0.00000049; 
    T_loss = 1.36; 
    V_r_int = 1.68; 
    V_su_comp = 0.000111; 
  






       
    E1 = Error1(1:i); 
    E2 = Error2(1:i); 
    E3 = Error3(1:i); 
    Error1Sum = sum(E1); 
    Error2Sum = sum(E2); 
    Error3Sum = sum(E3); 
     




3. Liquid Flooded Ericsson Cycle Model (Code in MATLAB) 
Expander and compressor models used in the cycle model have been already 
described earlier in this section. 
%% MATLAB Function File – Separator.m 
function[T_g,T_l] = Seperator(T_mix) 
    T_g = T_mix; 





%% MATLAB Function File – Regenerator.m 
function[T_1,T_5] = 
Regenerator(epsilon_reg,m_g,T_4,P_4,T_8,P_8,Gas) 
    global Q_reg; 
  
    h_4 = PropsSI('H','P',P_4,'T',T_4,Gas); 
    h_8 = PropsSI('H','P',P_8,'T',T_8,Gas); 
  
    h_5_max = PropsSI('H','P',P_4,'T',T_8,Gas); 
    h_1_max = PropsSI('H','P',P_8,'T',T_4,Gas); 
    Q_cold_max = m_g*(h_5_max - h_4); 
    Q_hot_max = m_g*(h_8 - h_1_max); 
  
    Q_max = min(Q_cold_max,Q_hot_max); 
    Q_reg = epsilon_reg*Q_max; 
  
    h_1 = h_8 - (Q_reg/m_g); 
    T_1 = PropsSI('T','P',P_8,'H',h_1,Gas); 
    h_5 =  h_4 + (Q_reg/m_g); 




%% MATLAB Function File – Pump.m 
function[EnthalpyBalance] = Pump(T_12,P_12,T_13,P_13,m_l,eta_p) 
    global W_p_isen; 
    global W_p; 
  
    h_12 = Liq_enthalpy(T_12,P_12); 
    T_13_isen = T_12; 
    h_13_isen = Liq_enthalpy(T_13_isen,P_13); 
  
    W_p_isen = m_l*(h_13_isen - h_12); 
    W_p = W_p_isen/eta_p; 
  
    h_13 = (W_p/m_l) + h_12; 
    h_13_l = Liq_enthalpy(T_13,P_13); 
  
    EnthalpyBalance = h_13 - h_13_l; 
end 
 
%% MATLAB Function File – Motor.m 
function[EnthalpyBalance] = Motor(T_9,P_9,T_10,P_10,m_l,eta_hm) 
    global W_hm_isen; 
    global W_hm; 
  
    h_9 = Liq_enthalpy(T_9,P_9); 
    T_10_s = T_9; 




    W_hm_isen = m_l*(h_9 - h_10_s); 
    W_hm = W_hm_isen*eta_hm; 
  
    h_10 = h_9 - (W_hm/m_l); 
    h_10_cal = Liq_enthalpy(T_10,P_10); 
  
    EnthalpyBalance = h_10_cal - h_10; 
end 
 
%% MATLAB Function File – Mixer_exp.m 
function[Enthalpy_Balance] = 
Mixer_exp(m_l,m_g,T_14,T_6,T_5,P,y,Gas) 
    h_5 = PropsSI('H','P',P,'T',T_5,Gas); 
    h_14 = Liq_enthalpy(T_14,P); 
    h_mix = (m_g*h_5 + m_l*h_14)/(m_g+m_l); 
  
    h_6_g = PropsSI('H','P',P,'T',T_6,Gas); 
    h_6_l = Liq_enthalpy(T_6,P); 
    h_6 = (h_6_g + h_6_l*y)/(1+y); 
  
    Enthalpy_Balance = h_mix - h_6; 
end 
 
%% MATLAB Function File – Mixer_comp.m 
function[Enthalpy_Balance] = 
Mixer_comp(m_l,m_g,T_2,T_11,T_1,P,y_comp,Gas) 
    h_1 = PropsSI('H','P',P,'T',T_1,Gas); 
    h_11 = Liq_enthalpy(T_11,P); 
    h_mix = (m_g*h_1 + m_l*h_11)/(m_g+m_l); 
  
    h_2_g = PropsSI('H','P',P,'T',T_2,Gas); 
    h_2_l = Liq_enthalpy(T_2,P); 
    h_2 = (h_2_g + h_2_l*y_comp)/(1+y_comp); 
  
    Enthalpy_Balance = h_mix - h_2; 
end 
 
%% MATLAB Function File – HX_hot.m 
function[EnergyBalance] = 
HX_hot(T_ref_hot,epsilon_hx_hot,m_l,T_13,P_13,T_14,P_14) 
    global Q_in; 
    h_13 = Liq_enthalpy(T_13,P_13); 
    h_ref_hot = Liq_enthalpy(T_ref_hot,P_13); 
    Q_max = m_l*(h_ref_hot - h_13); 
    Q_in = epsilon_hx_hot*Q_max; 
    h_14 = Liq_enthalpy(T_14,P_14); 





%% MATLAB Function File – HX_cold.m 
function[EnergyBalance] = 
HX_cold(T_ref_cold,epsilon_hx_cold,m_l,T_10,P_10,T_11,P_11) 
    global Q_out; 
    h_10 = Liq_enthalpy(T_10,P_10); 
    h_ref_cold = Liq_enthalpy(T_ref_cold,P_10); 
    Q_max = m_l*(h_10 - h_ref_cold); 
    Q_out = epsilon_hx_cold*Q_max; 
    h_11 = Liq_enthalpy(T_11,P_11); 
    EnergyBalance = h_11 - (h_10 - (Q_out/m_l)); 
end 
 




    global N_comp; 
    global m_dot_g; 
    global m_dot_g_c; 
    global m_dot_l_c; 
    global m_dot_comp; 
    global W_dot_comp; 
    global eta_comp_s; 
    global EB_comp; 
    global Q_dot_amb_comp; 
    global T_1; 
    global T_3; 
    global T_4; 
    global T_5; 
    global T_8; 
    global T_9; 
    global T_10; 
    global T_11; 
    global P_1; 
    global P_4; 
    global P_8; 
    global P_9; 
    global P_10; 
    global P_11; 
    global h_1; 
    global h_2; 
    global h_3; 
    global h_4; 
    global h_9; 
    global h_10; 
    global h_11; 
    global UA_su_n_comp; 
    global UA_ex_n_comp; 
    global UA_amb_comp; 
    global m_dot_n_comp; 
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    global A_su_comp; 
    global A_ex_comp; 
    global A_leak_comp; 
    global T_loss_comp; 
    global V_r_int_comp; 
    global V_su_comp; 
  
    %Compressor 
    %Guess T_2 






    T_3 = T_ex_comp; 
    h_3 = (PropsSI('H','P',P_3,'T',T_3,Gas) + 
(y_comp*Liq_enthalpy(T_3,P_3)))/(1+y_comp); 
    m_dot_g_c = m_dot_comp/(1+y_comp); 
    m_dot_l_c = m_dot_g_c*y_comp; 
  
    %Seperator - Compressor 
    [T_4,T_9] = Seperator(T_3); 
    P_4 = P_3; 
    P_9 = P_3; 
    h_4 = PropsSI('H','P',P_4,'T',T_4,Gas); 
    h_9 = Liq_enthalpy(T_9,P_9); 
  
    %Motor  
    P_9 = P_3; 
    P_10 = P_2; 
    fun = @(T_10) Motor(T_9,P_9,T_10,P_10,m_dot_l_c,eta_motor); 
    T_10_guess = T_9; 
    T_10 = fzero(fun,T_10_guess); 
    h_10 = Liq_enthalpy(T_10,P_10); 
  
    %Heat Exchanger Cold 
    P_10 = P_2; 
    P_11 = P_2; 
    fun = @(T_11) 
HX_cold(T_ref_cold,epsilon_hx_cold,m_dot_l_c,T_10,P_10,T_11,P_11)
; 
    T_11_guess = T_ref_cold; 
    T_11 = fzero(fun,T_11_guess); 
  
    %Regenerator 
    P_4 = P_3; 
    P_8 = P_2; 





    %Mixer - Compressor 
    P_1 = P_2; 
    h_1 = PropsSI('H','P',P_1,'T',T_1,Gas); 
    h_11 = Liq_enthalpy(T_11,P_1); 
    h_mix = (m_dot_g*h_1 + m_dot_l_c*h_11)/(m_dot_g+m_dot_l_c); 
  
    h_2_g = PropsSI('H','P',P_2,'T',T_2,Gas); 
    h_2_l = Liq_enthalpy(T_2,P_2); 
    h_2 = (h_2_g + h_2_l*y_comp)/(1+y_comp); 
  
    Enthalpy_Balance = h_mix - h_2; 
end 
 





    global Q_dot_amb_exp; 
    global m_dot_g; 
    global m_dot_g_e; 
    global m_dot_l_e; 
    global m_dot_exp; 
    global W_dot_exp; 
    global eta_exp_s; 
    global EB_exp; 
    global T_2; 
    global T_5; 
    global T_7; 
    global T_8; 
    global T_12; 
    global T_13; 
    global T_14; 
    global P_5; 
    global P_6; 
    global P_7; 
    global P_8; 
    global P_12; 
    global P_13; 
    global P_14; 
    global h_5; 
    global h_6; 
    global h_7; 
    global h_8; 
    global h_12; 
    global h_13; 
    global h_14; 
    global UA_su_n_exp; 
    global UA_ex_n_exp; 
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    global UA_amb_exp; 
    global m_dot_n_exp; 
    global A_su_exp; 
    global A_ex_exp; 
    global A_leak_exp; 
    global T_loss_exp; 
    global V_r_int_exp; 
    global V_su_exp; 
    global alpha_exp; 
  
    P_6 = P_3; 
    P_7 = P_2; 





    m_dot_g_e = m_dot_exp/(1+y_exp); 
    m_dot_l_e = m_dot_g_e*y_exp; 
    T_7 = T_ex_exp; 
    h_7 = (PropsSI('H','P',P_7,'T',T_7,Gas) + 
(y_exp*Liq_enthalpy(T_7,P_7)))/(1+y_exp); 
    m_dot_g = m_dot_g_e; 
  
    %Seperator - Expander 
    [T_8,T_12] = Seperator(T_7); 
    P_8 = P_2; 
    P_12 = P_2; 
    h_8 = PropsSI('H','P',P_8,'T',T_8,Gas); 
    h_12 = Liq_enthalpy(T_12,P_12); 
  
    %Pump - Expander 
    P_12 = P_2; 
    P_13 = P_3; 
    fun = @(T_13) Pump(T_12,P_12,T_13,P_13,m_dot_l_e,eta_pump); 
    T_13_guess = T_12; 
    T_13 = fzero(fun,T_13_guess); 
    h_13 = Liq_enthalpy(T_13,P_13); 
  
    %Heat Exchanger Hot 
    P_13 = P_3; 
    P_14 = P_3; 
    fun = @(T_14) 
HX_hot(T_ref_hot,epsilon_hx_hot,m_dot_l_e,T_13,P_13,T_14,P_14); 
    T_14_guess = T_ref_hot; 
    T_14 = fzero(fun,T_14_guess); 
  
    options = optimset('TolX',(1*10^(-4))); 
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    fun = 
@(T_2)Guess_Comp_Inlet(P_2,T_2,P_3,T_amb,y_comp,Gas,eta_motor,T_r
ef_cold,epsilon_hx_cold,epsilon_regen); 
    T_2_guess = [1.2*T_ref_cold,T_ref_cold]; 
    % T_2_guess = T_ref_cold; 
    T_2 = fzero(fun,T_2_guess,options); 
  
    %Mixer - Expander 
    P_5 = P_3; 
    h_5 = PropsSI('H','P',P_5,'T',T_5,Gas); 
    h_14 = Liq_enthalpy(T_14,P_14); 
    h_mix = (m_dot_g*h_5 + m_dot_l_e*h_14)/(m_dot_g+m_dot_l_e); 
    h_6_g = PropsSI('H','P',P_6,'T',T_6,Gas); 
    h_6_l = Liq_enthalpy(T_6,P_6); 
    h_6 = (h_6_g + h_6_l*y_exp)/(1+y_exp); 
  
    Enthalpy_Balance = h_mix - h_6; 
end 
 
%% MATLAB Function File – LFEC.m 
function[W_net,eta_cycle,eta_carnot,eta_2nd_law,W_dot_exp,W_dot_c




    %Global Variables 
    global Q_out; 
    global Q_in; 
    global Q_reg; 
    global W_hm_isen; 
    global W_hm; 
    global W_p_isen; 
    global W_p; 
    global Q_dot_amb_exp; 
    global m_dot_g; 
    global m_dot_g_e; 
    global m_dot_l_e; 
    global m_dot_exp; 
    global W_dot_exp; 
    global eta_exp_s; 
    global eta_comp_s; 
    global EB_exp; 
    global EB_comp; 
    global T_2; 
    global T_5; 
    global T_7; 
    global T_8; 
    global T_12; 
    global T_13; 
    global T_14; 
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    global P_5; 
    global P_6; 
    global P_7; 
    global P_12; 
    global P_13; 
    global P_14; 
    global N_comp; 
    global m_dot_g_c; 
    global m_dot_l_c; 
    global m_dot_comp; 
    global W_dot_comp; 
    global T_1; 
    global T_3; 
    global T_4; 
    global T_9; 
    global T_10; 
    global T_11; 
    global P_1; 
    global P_4; 
    global P_8; 
    global P_9; 
    global P_10; 
    global P_11; 
    global h_1; 
    global h_2; 
    global h_3; 
    global h_4; 
    global h_5; 
    global h_6; 
    global h_7; 
    global h_8; 
    global h_9; 
    global h_10; 
    global h_11; 
    global h_12; 
    global h_13; 
    global h_14; 
  
    global UA_su_n_exp; 
    global UA_ex_n_exp; 
    global UA_amb_exp; 
    global m_dot_n_exp; 
    global A_su_exp; 
    global A_ex_exp; 
    global A_leak_exp; 
    global T_loss_exp; 
    global V_r_int_exp; 
    global V_su_exp; 




    global UA_su_n_comp; 
    global UA_ex_n_comp; 
    global UA_amb_comp; 
    global m_dot_n_comp; 
    global A_su_comp; 
    global A_ex_comp; 
    global A_leak_comp; 
    global T_loss_comp; 
    global V_r_int_comp; 
    global V_su_comp; 
  
    Gas = 'N2'; 
  
    %Expander 
    %Guess T_6 
    options = optimset('TolX',(1*10^(-4))); 




    T_6_guess = [T_ref_hot,0.9*T_ref_hot]; 
    % T_6_guess = T_ref_hot; 
    T_6 = fzero(fun,T_6_guess,options); 
  
    %Cycle Performance 
    W_net = (W_dot_exp + W_hm) - (W_dot_comp + W_p) ; 
    eta_cycle = W_net/Q_in; 
    eta_carnot = 1 - T_ref_cold/T_ref_hot; 
    eta_2nd_law = eta_cycle/eta_carnot; 
  
    EB = (Q_in + W_dot_comp + W_p) - (Q_out + Q_dot_amb_exp + 




%% Main File 
clear all; clc; clear screen; 
 
% Inputs 
T_ref_hot = 1073;   
y_exp = 2; 
y_comp = 5; 
N_exp = 3600; 
P_2 = 800000; 
P_3 = 1600000; 
P_ratio = P_3/P_2; 
eta_pump = 0.8; 
eta_motor = 0.8; 
epsilon_hx_hot = 0.95; 
epsilon_hx_cold = 0.95; 
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epsilon_regen = 0.95; 
T_ref_cold = 313; 
T_amb = 313; 
  
[W_net(i),eta_cycle(i),eta_carnot(i),eta_2nd_law(i),W_dot_exp(i),
W_dot_comp(i),eta_exp_s(i),eta_comp_s(i),EB(i)] = LFEC 
(P_2,P_3,N_exp,y_exp,y_comp,T_amb,T_ref_hot,T_ref_cold,eta_pump,e
ta_motor,epsilon_hx_hot,epsilon_hx_cold,epsilon_regen); 
